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PREFACE 


The purpose of the present work is, as stated in the title, to provide an 
introduction to the physics of the new particles. It should serve as a guide 
to postgraduate students who intend to enter this field both as experimenters 
or theoreticians. For this reason the treatment has been kept at a level as 
elementary as possible. | i 

| Although only a few years have past since the discovery of the first new 
particle a large amount of information has been already accumulated; we 
felt that a review like the one presented here, covering all the aspects of this 
branch of physics might on one hand save much time to a rather large class of 
persons; and on the other help us in extending our knowledge and understanding 
on many points both of technical and of theoretical nature. We feel that we 
have, at least partially, reached our second goal; as far the first is concerned 

we hope that what follows may be of some use to somebody. 
We are perfectly aware that in a few years much better statistics will be 
$ available and other new facts will be discovered; this review will then have 
| only an historical value; however we believe that it will not be without in- 
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terest to retrace the rather fascinating history of the succession of experimental 
and theoretical discoveries which led to the classification of the particles in 
terms of strangeness; or to the discovery of the non conservation of parity; 
or to the observation of the longlived neutral heavy mesons etc. 

We have divided this review into three parts. The first gives an account 
of the basic properties (decay modes, mass, mean life etc.) of the K mesons 
and hyperons, and of the experiments which lead to the determination of these 
properties. The discussion of the experiments has been carried out in some 
detail whenever we thought it was necessary to establish the confidence level 
to be associated with the reported results. 

The second part gives an account of the attempts which have been made 
to interpret the behaviour of the new particles: the paradox strong pro- 
duction-slow decay, the introduction of the strangeness, the Ki,, Kz, problem, 
the two neutral boson components and so on. We have only mentioned, 
without entering into details, the attempts to classify the new particles based 
on postulating invariance under rotations in a four dimensional isotopic spin 
space. We apologize for such an omission, both to the reader and to the 
respective authors, but our feeling is that these attempts are very rapidly 
evolving and it may be more profitable to review them when they will attain 
a less fluid state than at present. 


The third part finally contains a survey of the interaction properties of 
the new particles with the old ones; that is: associated production in hydrogen 
and in complex nuclei, interaction of K* and K7, hyperfragments ete. 

This review was essentially completed by the end of December 1956; how- 
ever we have decided to include also those results received after the above 
date and up to March 15, 1957 which have brought important additions in 
the knowledge previously accumulated; for instance we have included the results 
of the beautiful experiments of the Brookhaven and Berkeley bubble chamber 
groups; the results of the Brussels, Milan, Padua groups on the distributions. 
in the K*, decay; and a number of other important results. 

Separate mention deserves the question of the non conservation of parity 
in the weak interactions; the experimental results which confirmed LEE and 
YANG’s suggestion reached us after December 15, 1956. They have been briefly 
reported, together with some theoretical results, in Sect. 12°6; the theoretical 
consequences for the neutral bosons have been summarized in Sect. 14°8. 
Apart from these additions we usually have not modified the text as written 
previously to the experimental confirmations of the non conservation of parity; 


as a consequence in a few points some statements may need a modification; | 


this is in the most part of the cases clear and straightforward. 


The bibliography (at the end of each chapter) although not complete in- 
cludes—we hope—all the important contributions. 


fe 
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We shall be grateful to anyone who points out to us mistakes contained in 
the text. We also thank in advance all those who will send us preprints or 
reprints which may facilitate the preparation of a book—on the same subject 
of the present article—to appear in the near future. 


We would like to express our gratitude to the various groups doing research 
in this field and especially to those of Berkeley, Bologna, Bristol, Brookhaven, 
Columbia, École Polytechnique, Gôttingen, Milan, M.I.T., Padua, Prin- 
ceton, Sydney, for having regularly sent us preprints or reprints, without which 
this work could not have been accomplished; particular thanks we want to 
express to C. O’CEALLAIGH, K. Crowe, G. and S. GOLDHABER, N. KROLL, 
L. LEDERMAN, T. D. LEE, A. H. ROSENFELD, J. STEINBERGER, C. N. YANG. 
C. Wu for preprints and/or discussions on particular points. 

We are grateful to Prof. E. AMALDI for his continuous encouragement 
during the whole period in which this work has been done; we thank him also 
for having kindly communicated to us all the information which he received 
and which could be of interest to us. 

Finally special thanks are due to Prof. G. POLVANI, Editor of Il Nuovo 
Cimento and President of the Italian Physical Society, and Ing. CoRBI, Se- 
cretary of the Editorial Board, for the interest that they have shown in our 
work; to Mr. ORLANDI and the personnel of the Tipografia « Monograf » for 
their invaluable assistance during the correction of the proofs and to the Tipo- 
grafia Compositori who printed this issue. 


Note regarding references. 


This article is divided into chapters (numbered consecutively throughout the whole 
work), into sections and in some cases also into subsections. The numeration of the 
formulae begins from one in each section, and contains the number of the formula, 
that of the chapter and that of the section; for example: eq. (3-16 9) refers to eq. 3 
of Sect. 9 of Ch. 16. A similar ordering has been used for the figures and for the 
tables. References to formulae, figures, and tables, in the current section are given by 
their number; in other cases the number is followed by the chapter section numbers: 
Bibliographic references have been always indicated by a number in square brackets [ Ne 
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BASICO EXPERIMENTAL FACTS 


Introduction. 


The principal aim of Part I is to give a critical survey of the experiments 
and of the experimental results on which our present knowledge of some fun- 
damental facts concerning the «new particles » is based. We shall deal here 
only with their masses, mean lives and modes of decay. 

The amount of data accumulated in the last few years on this subject is 
indeed enormous. The construction of new powerful accelerators; of new de- 
vices for the focalization of the secondary charged particles produced by these 
machines; and finally the development of new instruments for the detection 
and the analysis of natural and artificial radiations, have all contributed to 
make possible a startling advance in our knowledge in this field. 

Consequently little space could be devoted to some of the earlier exper- 
iments. Although interest in them still remains, it is chiefly confined to their 
technical aspect rather than to the result which they produced. The reader 
will find most of them described in detail in review articles published in the 
past on the Progress in Cosmic Ray Physics or in the Annual Review of Nuclear 
Science [1-4]. 

The classification of the experimental data has been made here on a phe- 
nomenological basis. « Particles » have been distinguished first according to 
their mass and charge: differences in their decay modes and in their mean 
life have provided reasons for further distinction. 

The evidence reported refers to the following new particles: 


i) K-Mesons. This name has been associated in the current literature 
with unstable particles whose mass lies between that of the proton and that 
of the x-mesons. Only K-mesons with a mass equal to 966 m,—at least within 
a few electronic masses—have been proved to exist, associated with a charge + e 
or neutral. The existence of different masses has been suggested by various 
authors [5, 6] on the basis of a few observations, but has not been confirmed 
by sufficient evidence and will not be considered. 

x 
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ii) Hyperons. This name is used in connection with unstable particles 
| heavier than protons. So far as we know, it includes the following: 
1) the A° of mass (2181 + 0.2) m, and charge zero; 


| 2) the X* X7 Y° having slightly different masses, all within the in- 
| terval 2327 to 2341 m, ; 


3) the = having a mass of (2583 + 6) m,. A neutral partner 
is expected to exist on theoretical grounds, but so 
far has not been observed. 


gr van Ÿ 


A resumé of the data pertinent to the various particles is given in the 
Tables on pag. 12, together with the nomenclature used in the text. It will 
be noted that for the K-mesons we have adopted a more uniform notation 

than has been done hitherto in the current literature. 
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CHAPTER 1. 


Observations on Positively Charged K-Particles (K*). 


4:1. The established modes of decay. Brief survey of the early work. 


In this section we discuss briefly the evidence concerning the existence of 
the six decay modes listed in the Table on page 12 and the early experiments 
on which this evidence was based. 

In the discussion it has been assumed that all K-mesons observed to 
decay from rest were positively charged. This assumption is certainly plausible 
after the recent results obtained from magnetically analyzed radiations, which 
indicate that negative K particles undergo nuclear capture when brought 
to rest. 


The Ki, >xt+nt+n- mode. — The discovery of the first example ork 
mode by the Bristol group [1] followed closely the application of electron sen- 
sitive nuclear emulsion to research in cosmic rays. The event, which is re- 
produced in Fig. 1 was in fact found in one of the first NT4 Kodak electron _ 
sensitive emulsions prepared by Dr. BERRIMAN [2]. A track (k) was associated 
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with a Gisintegration (A) from which two lightly ionizing particler (a, b) and 
a heavily ionizing (c) one were emitted. The latter produced a disintegration (B) 
leading to the emission of two slow particles (probably heavier than protons) 
and possibly of a slow recoil. It was assumed that the interaction B 
was a star. Both particles a) and b) escaped from the emulsion after 
2000 um and 116 um respectively. Their ionization could be shown to be 
approximately 2.2 times minimum for both tracks; their scattering was small 
enough to exclude the possibility that they could be electrons. The precision 
attainable in mass measurements did not allow their identity to be established 
with certainty, although there were strong indications that they could only 
be x- or u-mesons. Moreover, it could be shown that the three particles (a), (b) 
and (c) were coplanar at least within 4°, thus indicating that no neutral part- 
icle was involved in the disintegration (A). 

Track (k) was 3000 um long and the gradual change of ionization clearly 
indicated that the particle producing it moved towards (A). Its mass, as 
measured by the grain counting method, appeared to be (1080 +160) my. 

Such an event could be interpreted as due to the interaction of an unstable 
particle with a nucleus and subsequent explosion of the latter. This hypo- 
thesis did not seem likely in view of the fact that the release of such a high 
energy, inside or even at the periphery of a fucleus, would be expected in 
general to lead to the evaporation of a considerable number of nucleons or 
nuclear fragments. The quoted Authors concluded that most probably it 
wsa the spontaneous disintegration of an instable particle. 

Subsequent work proved them right. Two events very similar to the one 
just described were observed a year later by HARDING [3] and in another 
paper FOWLER et al. [4] were able to show, on the basis of conservation laws 
and grain density measurements, that the secondary particles were most pro- 
bably due to z-mesons. This conclusion was supported by further work done 
in Rome [5] and finally proved by an observation made at Padua [6] where 
a K;,-meson with all its decay products stopping in emulsion was found 
(see Fig. 2). 


The Beg > put+7°+v mode. — The years between 1949 and 1951 witnessed 
a tremendous improvement both in the quality of high sensitivity emulsions 
and in the methods of analysis of the recorded radiations. The existence of 


new technical resources stimulated amongst other things reconsideration of - 


old problems. It was at this stage of technical development that O’CEAL- 
LAIGH [7], studying the distribution in energy of electrons emitted in u-e-decays, 
observed an event similar in appearance to a u but associated with a secondary 


far too energetic to be of this type. Careful measurements on the primary — 


track revealed that it was due to a particle more massive than a u and less 


than a proton. A second example, which he found shortly after the first, — 
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looked quite different: the primary particle (having a mass of (1125 + 140) mo) 
decayed at rest into a slow secondary which could be identified with a y, 
ejected at an energy of 5.9 MeV. 

If the two cases were to be interpreted as due to the same particle their 
decay scheme had to involve at least two neutrals. The correctness of this 
interpretation was confirmed by MENON and O’CEALLAIGH [8] on the basis 
of eight further examples observed to decay into identified u’s whose energies 
were spread over a large interval from 0 to — 200 MeV. Already in his first 
paper [7] O’CHALLAIGH concluded that if the primary K was assumed to be 
a boson, the simplest possible decay mode, involving known particles only, was 


Ke ob ricky 


For a long time, however, no proof for or against it was obtained. It must 
be pointed out that nuclear emulsions are most unsuitable for revealing 7°’s 
in comparison with cloud chambers or bubble chambers. To prove or disprove 
the existence of y-rays emitted either directly or through an intermediary 7°, 
a search should be made on a region extended over several em? of emulsion. 
Even in the most favourable conditions, such a search is most difficult and 
in the majority of cases leads to questionable results. 

The easiest way was to look for the rare mode of decay of the 7° (> e*+e +): 
which is known to occur with a relative frequency of ~ 1.2 percent. The resulting 
electron-positron pair, owing to the 
: very short lifetime of the 7°, ap- 

"ic pears practically connected with the 
Sr nta terminal part of the K and cannot, 
“a be easily missed. Such was in fact 

the type of the experimental evidence 

ia which allowed recently the Roche- 
E er 4 i ster group to put on somewhat 
ay \ firmer ground O’Ceallaigh’s original 
a? suggestion. YEKUTIELI et al. [9] and 
ie if 3 sar HOANG et al. [10] observed two di- 
Ds sintegrations of K*-mesons in emul- 
Fig. 3-1'1. — Reproduction in fac-simile of sion, each associated with the, crea 
two Kg, decays associated with electron tion of three ionizing particles. In 
pairs, observed by the Rochester group[9,10]. both cases, two of them could be 
proved to be electrons and the third 

a u-meson, the latter having energies of 18 and 110 MeV respectively (Fig. 3). 

There was no obvious proof that the electron pairs were produced by à 
parent r°: a scheme of the type Kj, > ut+6++e-+n, +n,+... (n; indicat- 
ing a neutral particle) could in fact be adequate to describe the events. These 

Di 


es ee gun 


AN INTRODUCTION TO THE PHYSICS OF THE NEW PARTICLES 487 


authors showed, however, that if only one neutral n; was postulated, the 
dynamics of the two cases were inconsistent with a unique value of its mass 
(236 < m, < 265 MeV in one and 170 < m, < 224 MeV in the other case). 

On the other hand, the scheme Ke >ut+n+n,, was consistent with 
both events. An upper limit for the value of m, could be calculated and shown 
to be 75 MeV. Restricting the possible choices to the known particles, n, could 
only be a y-ray or a neutrino and assuming the K-particles to be bosons, the 
choice fell on the latter. Thus, though not definitely proved, this decay 
scheme seems highly probable. 


The Ki, >7*+7° mode. — In the course of the investigation mentioned 
above [7], MENON and O’CEALLAIGH obtained also definite evidence for the 
existence of 7’s arising from a two body decay. At the Discussion Meeting 
of the Royal Society, held in London in j 
1953, they reported on the mass measu- 3 of 
rements of a number of secondaries 
from K’s at rest and compared them 
to others obtained by DANIEL and 5 
PERKINS on identified x-particle tracks PO 200 EI RE SO 


(see Fig. 4, a-b). 2 
Although the two diagrams are aa 
not directly comparable, having been È 


obtained under different conditions, 
the Authors decided that the events in 
a) could not all be u-mesons. Their mass in my 

judgement was further supported by Pel LI cal Masson 
the fact that, taking as p all the part- on secondary particles of K+ decays; 
icles associated with a measured mass b) Mass spectrum obtained by DANIEL 
smaller than 240 m, and as x the and PERKINS on 129 tracks produced by iol 
others, the pB-distributions for the shower particles. (As reported in [8]). | a 
two groups had substantially different ‘i 
characteristics. As one can see from Fig. 5 the supposed z’s are all bet- 
ween the values of pf = 160 and 200 MeV/c (diagram a) while the u’s appear | 
to be spread from zero to about 
320 MeV/c. Despite the poor. 
statistics, it seemed to them © 


Fig. 5-1°1. — pf’s of K* secondary 
particles. Measurements related to 
the same event are marked with the 
same number in this and in the 

preceding diagram (Fig. 4-1°1). 
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very unlikely that this uniqueness of values for the 7°s could be due to chance 
only; they suggested therefore that a two-body decay of the type Kt >rnt4+n 
existed. The nature of the neutral particle, (n), remained to be established. 
From momentum and energy conservation they could say that, if it had 
to be chosen among the known particles, (y, neutrino, 7°, neutral K) the 
mass M of the parent K had to be 


a) for n=y or neutrino M =,..945.m, 
DI) LORIA == IT" M<= 1019 1m, 
c) for n = neutral K (1000 m) M=1610m, 


Direct mass measurements on some of the primaries excluded the possibility €) 
but did not allow one to decide between a) and b). The answer came from cloud 
chamber experiments, far more apt to solve this type of problems. From the 
analysis of pictures taken operating a chamber at mountain altitudes, BRIDGE 
et al. [11] concluded in favour of decay scheme b). They argued as follows: 
the most frequent decay moaes are those associated with the emission of two 
secondaries only, the K_, and the K,,, (see Sect. 1°3) the others being present 
in negligible numbers. Those two are easily distinguished because the x 
emitted from the K_, has a range of ~ 60 g/em? Pb and the y from K,,, one 
of — 105 g/em°Pb. The observations show that: 


a) of five events in which the secondary particle stopped after a range 
of — 60 g/em? Pb four are associated with soft showers; 


b) in eight events in which the presence of associated photons was 
established and the secondary escaped from the chamber, the potential path 
of the secondaries was less than 60 g/em? Pb; 


c) in none of the cases in which the secondaries were seen to cover more 
than 60 g/em? Pb associated photons could be detected. 


The Authors concluded that indeed K_, decays were associated with the emis- 
sion of y-rays. It remained to be established whether these were emitted directly 
or arose from the subsequent decay of a n°. This could be done simply by 
observing whether all the y’s were moving in nearly the same directionand op- 
posite sense as the charged secondary x’s or not. The experiments showed that 
this was not the case [11, 12]. Further support for this conclusion is afforded 
by fourteen events observed in emulsion in which the x° is seen to decay 
into an electron pair [13-15]. 


The Kak >n'+2n° mode. — The existence of a mode of decay involving 

one charged and two neutral x’s was anticipated by DALITZ [16] in 1953. 

More than a year later his suggestion was substantiated by experimental 

findings. The first event to be attributed to this mode is due to CRUSSARD 
x 
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et al. [17] who identified in nuclear emulsion a K partiele decaying into a slow 
m-meson (E, — 14 MeV). It could not be due to a Ki, as K},-secondaries 
have an energy of ~108 MeV; it was on the other hand consistent with Dalitz? 
scheme which was expected to produce a continuous Spectrum of 7’s from 0 
to a maximum value of — 53 MeV. In view of the large statistics now available 
it can be inferred that the conclusions of CRUSSARD et al. were correct. 


The Ky, >w*+v mode. — The existence of the two body K,,-decay was 
established, almost at the same time as the Kia by the cloud éhainber group 
of the Ecole Polytechnique [18]. It is at first sight a surprising fact that several 
emulsion teams, all working on this subject, could fail to individuate this 
mode which is the most numerous amongst the K*’s whilst they had detected 
the much rarer mode K,j,. A possible explanation may be found in Sect. 1° 
where experimental biasses are discussed. It will be seen that the high mo- 
mentum of the secondary u from K,, places these events in a region where 
ordinary methods of mass measurements in emulsion do not allow an easy 
discrimination between r’s and u’s or between y’s and electrons. Only the 
recent introduction of very large stacks has made available to research workers 
a substantial number of long tracks | 
on which accurate determinations are 
possible. 

The Paris group, using large double 
cloud chambers (see Fig. 6) was in 
a better position with regard to this 
point. Take, for instance, what they 
consider «le cas idéal », i.e. a K-meson 
coming from above, crossing the upper 
magnet chamber and stopping and de- 
caying in the multiplate below it. The 
combined knowledge of its momentum 
and residual range gives its mass with 
a precision often sufficient to individua- 
te it with certainty as a K. Suppose, rig. 6-1°1. — Schematic drawing of the 
furthermore, that the secondary is emit- arrangement used by the Paris group of 
ted in a direction to allow it to cross l'École Polytechnique. 

a large number of plates: its residual | 
range (or limits for it) can be determined and, from its behaviour in tra- 
versing heavy matter, information about its nature may be obtained. 


Out of a large number of events observed with this apparatus, the quoted 


authors found one in which the primary mass was determined to be (911 +70) m, 
and the secondary had a residual range larger than (84+-4) g/em Pb. This 
could not be due to any K; + decay for which the maximum range is 60 g/em Pb. 
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They also noted the presence of a large number of high momentum secon- 
daries (Z 100 MeV). Unless the momentum distribution of the K-secondaries 
was so shaped as to be significantly different from zero only above that value 
(which appeared unlikely), the result strongly suggested the existence of a 
two body decay. In the latter case the neutral decay product could be shown 
to have a negligible mass. The absence of associated soft radiation excluded 
the y-ray, leaving the neutrino as the only choice [19]. These conclusions were 
confirmed by the work of the M.I.T. group [11]. 


The Kg, > et+?+? mode. — Experimental evidence for this mode was 
found by FRIEDLANDER et al. [20], in a photographic emulsion exposed to 
cosmic rays. They observed a K particle, decaying at rest into a fast secondary 
having a pf of about 90 MeV/e and grain density equal to the plateau value 
within 2%. They noted that a x or a y meson ot this specific ionization would 
have had too high a pf to be consistent with the other independent measu- 
rement. 

Careful inspection of the secondary track showed that the particle producing 
it suffered a sudden change of direction at a distance of 2.3 cm from the point 
at which it originated. After that deflection the track could be identified with 
certainty as due to an electron of — 5 MeV. 

The observed deviation of the secondary track could be due to the decay 
in flight of a secondary u. This explanation however seemed rather unlikely 
in view of the long lifetime of u mesons: in fact the Authors calculated that 


_ the probability of observing such a process was only 4-10-4, considering the 
total number of u-mesons observed at rest in their emulsions. 


It seemed much more reasonable to assume that the secondary track was 
due to an electron right from the point of decay. The observed angular de- 
viatior could then be explained as a collision involving the emission of brems- 
strahlung, an interpretation which was consistent with the fact that the corres- 


_ ponding mean free path of an electron of 90 MeV for this type of process is 
2.9 em of emulsion and the observed collision occurred after 2.3 em of its path. 


Further evidence was reported by DAHANAYAKE et al. [21] and by JOHNSTON 


AR and O’CEALLAIGH [22]. The energy of the secondaries were found to be res- 
__ pectively — 50 and —80 MeV thus suggesting a continuous spectrum and 
therefore a three body decay. On the nature of the neutral particles nothing 
can be said at present. 


1:2. - The masses and the Q-values of the K+'s. 


Such a large number of experiments was performed in the last few years 
to determine the mass of K-particles that it would be neither useful nor inte- 


. Beene to discuss all of them in detail in the present article. The continuous 
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progress of the techniques involved in this type of experiments has considerably 
reduced the interest associated with some of the early ones (*). 

Precise mass measurements on K+s have been made practically only using 
emulsions. In this type of measurements the emulsion is definitely superior 
to other techniques for it provides us with a detailed knowledge of the path 
of a particle precise within the limits imposed by the size of a AgBr grain in 
a medium which is dense enough to produce a measurable average scattering 
even for high energy radiation. 

The problem has been attacked in two different ways: one of direct mass 
determination based on the study of the K-particles behaviour in traversing 
matter and magnetic fields; another (which we shall denote as Q-method) based 
on the determination of the energy released in the K-particle decays. 

In what follows a brief description will be given of the experimental methods. 
The results are summarized in Table I. 


i) Direct mass determination. — Of the methods which fall in this group, 
the most accurate one is based on the determination of the magnetic rigidity 
of individual particles and of their residual range. By this method, the mass 
of K* particles has been measured with an accuracy of — 2 m,. Chiefly, this vie 
remarkable result has been achieved as a consequence of the construction of a pe 
new strong focussing devices, by a group of "physicists working at the Ra- i 
diation Laboratory [26], and of their application to the study of radiations 
produced by the Bevatron. | 

Their apparatus (see Fig. 1), focussed inside a stack of emulsions particles 
ot a given momentum ejected from the target at 90° with respect to the primary 
proton beam. An analyzing magnet, placed on the path of the secondary . 
particles after the strong-focussing lenses, introduced a horizontal momentum- . : … 
dispersion. By the combined effects of this magnet and of the lenses, part- = % 
icles having the same mass and charge were focussed on a surface whose po-  — 
sition and shape depended on those two parameters. Large numbers of 
particles of a given mass could then be brought to rest in a narrow region of 
the emulsions thus enormously facilitating their search which is very laborious 

in stacks exposed to cosmic rays. pt i 

Due to the presence of the analyzing magnet, the point of entry of a part- : 
icle in the stack depends on its momentum. The latter was determined by 
measuring the residual range of protons (+) entering the stack” at the same 
point. The mass value so obtained is not strongly CE tia on the density 


VA 


os 


ay te 


È (*) For earlier references consult [23], [24] and [25]. ae 
(+) Protons are largely represented in the beam from the Bevatron. SMITH et di [27] 
find, for a primary proton energy of 4.8 GeV impinging on a Ta-target, at 90° to the _ 
“primary beam at ~ 3 m from Lia? target, ane following sid ea Dy of the 375 MeV/c si 
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of the emulsion which is known to vary considerably from a batch to another 
and caused one of the largest sources of uncertainty in cosmic ray work. 
Experiments of this type have been made by a number of different. 
authors [28-30]; who used very nearly the same procedure outlined above.. 
A different way to determine the mass of K particles was pointed 
out by CHuPP et al. [31]. In an emulsion exposed to à focussed Ki 
beam they observed the track of a particle which had undergone a large scat- 
tering by a nucleus. Both scattered primary and recoiling target nucleus. 
stopped in the emulsion thus allowing to be recognized as a K and a proton 
respectively. The tracks were observed 
Re) <a to be coplanar within less than a degree 
and no other track could be seen in as- 
Analyzing Magnet Ssociation with the point of interaction. 
ena They assumed this to be the elastic scat- 
Central Trajectory tering of a K-particle on a free proton 


; of the emulsion and calculated the mass. 

Strong-focusing ; 
Lens from the dynamics of the event. From 
A the range of the proton the transverse 
O EY Target momentum of either particle was dedu- 
RT pe ced and from it the momentum of the 


ita ars onploye a br K; its residual range being known, the 
the Berkeley physicists to focus K+. ™ass could be estimated as shown 
«beams on emulsion stacks [30]. above. They obtained Mx=(973412)m,, 
| | in good agreement with other determin- 
ations. Unfortunately this type of collision is too rare to make the method 
practical on large scale measurements. ; | 
Methods based on the measurements of Coulomb scattering and specifie 
ionization cannot reach such a precision level. The error involved in individual 
mass determinations very often exceeds 10%. i = 
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without previous knowledge of the primary mass, 6) not more than one neutral 
secondary is emitted and c) the mass of the latter is known. Of the established 
modes, the K_,, K_, and K,, satisfy these requirements, while the others are 
known to decay into more than one neutral. 

The K_, is the most suitable to this type of mass determination, all the 
secondary particles being charged. When all can be brought to rest inside an 
emulsion stack, the total energy released is immediately deduced from their 
ranges. The experimental error is only that imposed by a) errors in the deter- 
mination of the ranges of the pions, b) range straggling of the pions, ¢) uncer- 
tainty in the pion masses, d) uncertainty in the range-energy relation and in 
the density of the emulsion (*). 


a) Tends to shorten the range and so to reduce systematically the 
measured Q-value. In general the sum of the chords which are used to ap- 
proximate a pion track is taken as the true range. HADDOCK [32] estimates 
that the reduction is ~ 0.5% in range, which corresponds ~ 0.25% in the 
energy of the T's. 


b) Is about 0.5% and statistical in nature. 
c) Will contribute for less than 1%. 


d) May be a dangerous source of errors”if no calibration is made on 
the same emulsions which are used for the measurements. This is compara- 
tively simple in emulsions exposed to momentum analyzed beams which con- 
tain a large number of different particles of known masses (and in such a case, 
the error can be reduced to a negligible size) but it is not so easy otherwise. 

Most interesting in this connection is the method due to BACCHELLA 
et al. [33]. It consists in determining the energy relation in their emulsions. 
by using the same K_, decays which are the object of their research. 

Direct application of the momentum conservation theorem imposes that 


Pi 


: — const = À, ) eles 
m_e sin %; 


the p, being the momentum of the i-th m-meson, x; the angle between pj 
and p;, and m, the pion mass. In terms of A, the Q-value is SERRE by 


Q + 3m,c? = m,c[(1 +4? sin? Hi + (1 + 2? sin? Pai «(1 La sin? %)*] - 


For each value of Q, Z can be deduced and, from À, the energy of each 7. 
Out of a large number of decays an experimental range energy relation for 


(*) For a detailed discussion on this question see [32]. 


rane ES Ro. Ÿ 


494 C. FRANZINETTI and G. MORPURGO 


xs can be obtained. Since Q is unknown, an independent point is required. 
This was provided from the x-u-decay. The energy of the up from decays at 
rest is known today with great precision and if one measures the residual 
range of a number of s, the range 
of a x having the same velocity can 
be calculated from the well known 


relation 


wo + uo iswvo 


LI 
+ EXPERIMENTAL POINT 
INCLUDE D IN THE STATISTICS 


© POINT DISCARDED AFTER 

« oerecreo INTERACTIONS The range energy relation thus 
obtained is shown in Fig. 2. The 
Q-value which was deduced is (see 
Table II) one of the most precise 
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Fig. 2.1°2. — Range energy relation for ; 
pions as deduced from K_, decays (after (~ 0.13%) so far published. 
BACCHELLA et al. [33]). Errors in mass determination of two 


body decays (K_, and K,,) as ob- 
tained by the Q-method are considerably higher (~ 2%). This is mainly due 
to the fact that the energy release is, in the latter cases, higher than in the K,,. 
Thus, while an error in the Q(K_,) of 1% corresponded to an error of less 
than 0.14% in the primary mass, here in the K_, it would correspond to about 
0.4%, i.e. three times as big. 


iii) Results. — The data reported in both tables clearly indicate that, if 
the masses associated with the various modes of decay differ, the difference 
is within the experimental errors and, most probably, not larger than ~ 3 m,. 

If the view is taken that all the K+’s have indeed the same mass, the 
‘question arises as to which is the best method to determine it. An inspection 
of Tables I and II indicates that—at the present moment—the Q-method 
applied to the K_, yields the most precise results. 

In calculating the weighted average of the data listed in Table II, regarding 
the K,, mode, it was not clear to us what weight to give to the different results 
since it appeared that the errors had been estimated in different ways. Owing 
to the high degree of precision which has been claimed by the respective 
authors the question of the criterion to be used in calculating the errors has 
become fundamental. 

The value given by AMALDI [24] is an average of 54 events reported by 
‘a number of different laboratories and the error was calculated by treating 
as statistical those associated with the individual data. He pointed out that, 
owing to the uncertainty in the knowledge of the range energy relation and 
to the low degree of precision often involved in calibrating the stopping 
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power of the cmulsion did not allow one to claim a precision of better than | 


2% in the Q, i.e. 4m, in the mass of the K,,. 

The Copenhagen group [38] applied the curve of BARONI et al. without 
previous calibration of the stopping power of their track: the error reported 
is only statistical. 

Happock [32] used the range energy relation of BARKAS and YouNnG[34], cal- 
culated from Vigneron’s parameters and extrapolated to high energies using | 
a mean ionization potential of 322 eV. The error given takes into account. 
the uncertainty of the stopping power due to possible differences in the emul- 
sion density. HECKMAN et al. [35] use a range energy relation experimentally 
verified on a number of points. Safest of all is—in our opinion—the result. 
of BACCHELLA et al. [33] based on the method discussed above. The error 
given by them includes all possible sources of uncertainty. 


In view of these considerations we are inclined to consider some of the 
errors given in Table II rather below their real value. At the present moment, 
the average Q cannot be claimed to be better known than to — 0.2 MeV. We 
find accordingly 


Qn, =(75.0+0.2) MeV, My = (966.3 + 0.7) m,. 


1:3. — Relative frequencies of the various modes of decay. 


The relative frequencies of the various modes of decay have been measured. 
‘both in experiments on artificial and cosmic ray particles. 

We shall discuss here only those results which are based on a large number 
of events. Those based on small numbers are not significant if taken sepa- 
rately and, on the other hand, cannot be compared with each other since it. 
is difficult to estimate to what extent and in what way they might have been 
affected by experimental bias. 

An idea of the difficulties involved in this type of experiment and of how 
they can be overcome is probably better given by reviewing briefly the pro- 
cedures which have been followed. We shall consider only observations on 
K-mesons decaying at rest in nuclear emulsion, since the majority of the results. 
have been obtained using this technique. 


i) Some remarks on the methods used in the identification of secondaries À 
from K’s in emulsion. — With the exception of the K_,, all the modes are asso- 3 
He" ciated with the emission of only one charged particle. The identification of … 
the secondary is straightforward if the latter is brought to rest in the emulsion. 
Then by simple inspection of the end of its track its nature can be established 
and therefore its mass. The range also tells us the energy at the point of 


x 
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the spontaneous disintegration of its parent K. This information is suf- 
ficient to establish the type of decay. 

The task is less easy when the secondary escapes from the stack before 
being brought to rest or for some reasons cannot be followed to the end of its 
range; its mass is then established by measuring the scattering and the 
grain density of the track. In Fig. 1 we have reported a typical « grain density 
versus scattering » plot. The grain density (g) is usually defined as the ratio 
between the measured value g and the «plateau » value g, (*). 

The average angle of scattering is practically proportional to the inverse 
of pf (momentum x velocity) which is the parametre reported as abscissa in 
the graph. Points corresponding to individual measurements will be placed 
on curves the position of which depends on the mass and charge of the particle 
concerned. Three typical curves, corresponding to 7 and y mesons, and to 
electrons are shown. The position and the shape of these curves depend on 
the sensitivity of the emulsions and on the intensity of the development. 
Both may vary from stack to stack and in general it is necessary to « ca- 
librate » each stack on particles of known mass. 

The curves shown in Fig. 1 do not refer to any particular paper published 
on this subject but may be considered a fair example, certainly adequate for 
the use which we are going to make of them in,the discussion which follows. 

Let us consider a number of points obtained from measurements of K+ “se 
secondaries. Both x’s and y’s arising from K}, and Ke modes have single e 
pB values, respectively 


az from: K,, pB = 170 MeV/c 
u from K,, | pp = 215 MeV/c 


apart from the experimental errors which still affect our knowledge of these 
values. Furthermore let us consider only tracks of secondaries which make an 
angle with the plane of the emulsion of not more than 15° and dre at least 
5 em long. Both the g* and the pf will be known with a certain error. The 
horizontal and vertical bars which we have associated with each point give an 
idea of the size of the « standard errors » associated with the results. 

We shall consider two tracks as «distinguishable » through g*-pf measu- 
rements when their points are expected to be separated by at least three 


(*) In emulsion, the observed grain density — for velocities larger than that cor- 
responding to the «minimum of ionization » — increases with the increasing velocity 
of the particles, but not as predicted by theory. It reaches in fact a « plateau value » go. 
This is not due to the Fermi effect of polarization of the medium but is-a consequence 
of the mechanism which leads to the formation of a track by an ionizing particle 
| in emulsion. i ; 
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«standard errors ». Following DiLwortH et al. ([43], p. 301. See also [44]) 
we shall divide the g*-pf plan into three regions a), b), c). In region a) 
pB < 140 MeV/e and all possible secondaries from K* decays (i.e. x, u and e) 
can be distinguished (*). In region b) (140< pf < 190 MeV/c) r’s can 
still be distinguished from p’s and electrons but not y’s from electrons. In 
region €) (190 MeV/c < pf) x°s cannot be distinguished from us. Electrons 
can be individuated only if their pf is 400 to 600 MeV/c, but this region 
does not include any decay product from K’s. 
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| Fig. 1-1°3. — Relation between g* and log pf in emulsion for electrons, u and x mesons 

| ‘’0‘g9* is the number of grains per unit length of track normalized to the piateau value — 

(see footnote page 31) and pf is the momentum times velocity of the detected part- — 

icles, as deduced from its average scattering angle <«)=C/pB, C being a constant. 

The «points» marked on the graph indicate where the secondaries from two body 

| K decays (Kyo, Ko) are expected to fall and the arrows mark the upper limits for — 

| the secondaries from the 3-body decays. A number of other « points » has been re- 
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a p or an electron. The y from K,, falls into region e). Knowing the max- 
imum pp which is permissible to each type of decay, we can rule out the x 
when observing a pf > 190 MeV/c, but we cannot disregard the possibility 


of an electron from a Kg; unless we can decide this issue on the basis of a 


different type of observation. 
In fact, after 5 em of emulsion, 
such an electron would on the 
average have lost 80% of its 
energy and it can be recognized 
on the basis of a (dpf/dR — 
versus — F)-plot (see the ex- 
reported in Fig. 2). 
Although the radiative loss of 
energy is subject to large flue- 
tuations, the chances that more 
than 1 or 2% of the electrons 
may be mistaken for u’s after 
5 em appear to be remote. 

Of the three body decays 
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Fig. 2-13. — Loss of energy due to bremsstrahlung 

for electrons in emulsion as observed by HECK- 

MAN [44] on a secondary track emitted in a 
Kg; decay. 


the Ki >n+ +27° produces : 
charged x°s having a pf < 94 MeV/c. All its secondaries then fall into region 
a) where there is no possibility for ambiguity. For the K,, the upper limit of 


pp permissible to the u is 193 MeV/c, i.e. the u would fall invariably either 


‘ in a) or in b). 


—_— 


In a) it cannot be mistaken for either a x or an electron, but in b) it could 
be mistaken for an electron. The same considerations discussed above in re- 
lation to the discrimination between Kg, and K,, apply here, with the addi- 
tional difference that there is no evidence that the K,,,-decay spectrum is very 
rich in the high energy region. On the contrary, from considerations on sta- 
tistical factors only one can see that the spectrum has most probably a peak 


in an intermediate region (p8 — 130 MeV/c) and is comparatively poor in the. 
high energy tail. So far, this has not been found in contradiction with the 


experimental data (see Sect. 1°4). 


A partial discrimination between the various modes may also be obtained. 


from measurements of grain counting. Only secondaries from K,,.’8 have, at 
the decay point, a g* ~1.16 (see Fig. 1) whilst the p’s from the K,, have 
g* ~1. If g* can be measured more exactly than ~ 2+3%, the discrimination 
between the two modes is possible by this method. They will not be separated 


however, from K,, or Kg; associated with fast secondaries unless the other 
methods mentioned above are invoked. At intermediate velocities (1.2<g*<1.4) 


the only possible assignment is the Kose Lot lower velocities (g*> 1.4) ad- 


ditional information has to be obtained from scattering measurements. Using 
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large stacks, this last question is, however, of secondary importance since 
the residual range of a w having such a grain density is less than 5 cm. 

In conclusions we can say that if the relative abundance of the various 
modes of decay is measured by selecting events producing secondaries of at 
least 5 cm of visible track and making an angle of less than 15° with respect 
to the plan of the emulsion, only the relative proportion of Kg,, is likely to 
be altered and even that only slightly. 


ii) Experiments on focussed beams of artificially produced K*’s. — Exper- 
iments on K+ produced by the Berkeley Bevatron have been mentioned in 
Sect. 1°2 and details on the experimental arrangements were given there. 
K+-particles were brought to rest in a definite region of an emulsion stack and 
their secondaries analysed using the methods mentioned above [28, 45, 
47, 37, 27]. The results are reported on Table I. Of those listed, that of BIRGE 
et al. has the largest statistical weight. They used big stacks (90 pellicles, 
each 600 u thick and 9 X17.5 m? of area) in order that some of the secondaries 
would be brought to rest in the emulsion, thus ensuring unambiguous iden- 
tification. To have an unbiassed selection of events, the relative abundance 
was computed by taking only those whose secondaries were associated with 
a «potential range » (*) of 21 em. This is the residual range of a y from K,, 
decay and is the longest of those of K secondaries other than Kg;. In this 
way all geometrical bias due to the different 
ranges of secondaries was avoided. 

Additional data were obtained by « blob 
counting » tracks of particles which escaped 
from the stack. Fig. 3 shows to what extent 
a mass separation is possible for fast mesons. 
The criterion of selection was less restrictive 
than that considered above (angle of dip 
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S/DENTIFIED Kr, 
B/DENTIFIED KG; 
B/DENTIFIED Ku, | 
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in mass determination 
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ni kr Fig. 3-13. — Distribution of the blob densities 
NORMALIZED BLOB SINO (here normalized to the density of the Kje Secon 
dary which is below the plateau value - see Fig. 1) 
as measured on the secondaries from K*t’s. The cross-hatched area indicates events 


identified by other methods. The two peaks have been interpreted as due to K_. and 
K,,, decays. (After BIRGE et al. [28]). 


(*) By potential range is meant the distance which a particle would cover inside 
the recording medium proceeding on a straight line in the same direction which it 
had at emission. 


x 


< 22° instead of < 15°); on the other hand 
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the development was found to be very even throughout the whole stack 
and the fluctuation of g* was remarkably small. 

A number of measurements performed on previously identified events have 
been reported for comparison and confirm the validity of the method. Inter- 
ference from fast electrons was eliminated by identifying the latter on the 
basis of their characteristic increase of multiple scattering. K,, remained in 
the sample. This negligence is justified a posteriori by the final result which 
shows that the spectrum of y’s from K,,, decays is extremely poor in the region 


g* = 1.2. 


iii) Experiments on K*s produced inside the emulsions. — In the experi- 
ments described above, the emulsions were exposed at a distance from the 
target, where K-particles were produced, corresponding to a time of flight 
of — 10-8 s. Short lived particles would not have been detected. When they 
are created inside the emulsion stack, either by cosmic rays or by beams of 
artificially accelerated primaries, lifetimes of 
10-!! s are still tolerable. 

Experiments of this type have been per- 
formed by exposing emulsions to high altitude 
cosmic rays and also directly in the beam of 
6.2 GeV protons produced at Berkeley. The 
results are reported in the first two rows of 
Table I. 

The arrangement used by CRUSSARD et | A_______. UN 
al. [39] to this effect is sketched in Fig. 4. 
A stack of 600 um thick emulsions was placed 
on the edge of the stack 6.2 GeV protons pro- 
duced by the Bevatron. A mechanical system allowed the stack to be « shot » 
into the beam in time to cross it just before the end of a pulse thus insuring 
that the energy of the protons was 6.2 GeV and not lower. The parallel lines 
on the upper part of the drawing indicate the direction of the beam of pri- 
mary protons. vi 

Scanning was carried out only in the shaded region. According to the 
Authors most of the K-particles observed there came from the part of the 
highest primary density i.e. covered a distance of 5 to 20 cm before stopping. 
This corresponds to a time of flight of 3 to 9-107!° s. The remaining part of 
the emulsions was used to follow the. secondaries. 

The relative abundances obtained from this type of experiments agree 
well with those from focussed beams of K mentioned in ii) (see Table I). 
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Tage 1-13. — Data on the relative abundances of the K*-decay m 

as ; prea as ; Secondary | ti Fa. Time 
Ref NOULSS | beam | Target | K energy ¥ ca do | fligh 

| | of rad. lenergy (GeV) (MeV) production (10-8 
e are LV : = Pie eee 
| | | eta | | 

[39] Bevatron | 6.2 (p) emulsion 100 — 240 90° favoured | 3—9-] 
[40] Cosm. rad. | _ » — O0—180° 5+] 
Average values 

[28] | Bevatron | 6.2 (p) Cu | 114 90° | 1.38 
[46] | > | 2.9 (p) Cu 63 60° | 2.16 
[47] ) | 6.2 (p) Cu | 114 | 90° 1.38 
[37] > At) | Ta 100 90° 1.5, 
[27] > 4.8 (p) | Ta | 126 | 90° | 1.2. 

| | | | | 

Average values 


1:4. — Energy spectra of secondaries emitted in K;.,-decays. 


Of the energy spectra of charged secondaries emitted in 3-body K+-decays, 
only that of the K_,-meson has been studied in detail. Of the others (the K/,, 
K,, and Kg;) little is known at present. This is partly due to the relative 
scarcity of the latter modes which account for less than 10% of all the K+ 
decays, but chiefly to the experimental difficulties and biasses discussed in the 
previous section. These have much more serious consequences when not only 
the identification of the secondaries is required but also their frequeney of 
occurrence in a specific energy interval. 

For this reason a theoretical interpretation of the decay spectrum of RE 
and Ky, is not worth doing as yet and also the conclusions drawn from the 
measured K_,-decay spectra need be qualified. In the following we shall com- 
ment separately on the value of the experimental results regarding the dif- 
ferent modes. 


The Kz, decay spectrum. — Several hundred examples of K#,-decays have 
been observed in nuclear emulsion during the last few years. The relevant 
results of the analysis and the theoretical implications will be discussed in 
Chapter 13. 

It will be seen that the analysis is based on the energy distribution of the 
« unlike » meson and on the @-distribution, 0 being the angle between the 
momentum p, of the « unlike » meson and the vector p'= pi — p., p, and p, 


\ 


AN INTRODUCTION TO THE PHYSICS OF THE NEW PARTICLES 503 


ion data (compiled by BIRGE et al. [28]). 


Relative abundances 


2 a Remarks 
a (Ki Ki, Kis | Ke Kg; 
| " | i = Di 
0.8 +0.4 |25 SENI SRI So 57 +6 /7.9 +3.5 Experiments on K*’s produc- 
Li 408 |19 oe ony oar ne PS CERA. bal ed inside the emulsion stack 


[see (iii), p. 35]. The data 
in these rows have been cor- | 
) 0.9 +0.3 |22.3 a. (3.53.85 0.5 159 5 18.5 107 rected for scanning efficiencies | 
[28] assuming 1 .0 % efficiency | 
for Kx3 and a Kxg abundance 
of 5.61%. 
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being the momenta of the remaining decay prdéducts — all being measured in 
the center of mass system of the K_,. If we restrict ourselves to consider K- 
mesons decaying at rest, we can safely assume that they are all positively 
charged, i.e. the unlike meson is the nega- 
tive one. 

A very convenient method for plotting 
the experimental results was suggested by 
DALITZ (Sect. 13°5). In an equilateral triangle 
the sum of the perpendicular to the sides 
drawn from a point P, inside the triangle, is 
independent of P and equal to the height of. 
the triangle. If the latter is taken equal to 
the total release of energy Qx,, (= 75 MeV), 
then the perpendiculars from P—measured 
in the same units—uniquely define a set of 
values Æ,, E, and 4; which satisfy the 
equation Q=H,+H#,+H,; and can be in- 
terpreted as the kinetic energies of the 
secondary 7’s. Momentum conservation in 
a non-relativistic approximation restricts 
the region allowed for P to the inscribed 
circle (see Fig. 1). Obviously half of the 
triangle is sufficient to describe any Kj, Fig. 1-14. 
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decay, as the exchange of one z+ meson with the other z+ would merely 
change a configuration into another which is indistinguishable from it. 

Since the magnetic field is of no use in studying events taking place in 
emulsion, the methods of analysis mentioned above can be applied to the 
experimental observations only selecting those cases in which 


a) the x meson, or 
b) two of the three secondary T's 


end in the emulsion. 

The first selection method a) is likely to introduce serious distortions in 
the shape of the £,--spectrum. This has been pointed out by BHOWMIK 
et al. [48] who have calculated the relative probability observing a x (from 
K_,'8) of a given energy stopping in a stack of 30 emulsions, each 600 um thick. 

The method b) leads to more precise results and BRENE et al. [38] have 
shown that in most cases the biasses introduced with it are not serious. The 
trend of the possible alterations, introduced in the experimental distributions, 
is indicated in Fig. 2 and 4. Assuming the decay planes to be distributed 
at random, these Authors have calculated for a number of points, on a Dalitz 
diagram, the probability that the corresponding events have at least two 
secondaries stopping in a stack of 20 (600 um thick)-emulsions. Lines con- 
necting points of equal probability are shown in Fig. 2 separately for events 
in a pellicle in the middle of the stack (4a) and in one close to the limiting 
surface (4b). 

Which fraction of the events ob- 
served in a stack of n 600 um emuls- 
ions can be selected to form an un- 
biassed sample is shown in Fig. 3. 
Curves a, b, c refer respectively to 
events located in the central emulsion 
of the stack, in an emulsion close to 
the surface and (case ¢) to a popul- 


Fig. 2-1°4. — « Iso-bias » lines in Dalitz’ 
diagram. The lines connect points as- 
sociated with the same probability P that 
a K,; decay has at least two secondaries 
brought to rest inside the emulsion stack. 
The value of P associated with each line is 
marked, on the contour of the diagrams. Diagram a) refers to events observed in the 
middle of a stack of 20 pellicles-(600 um thick); b) to events observed very close to 

the surface of the same stack. (After BRENE et al. [38]). 

LT i 1 a 


TI OC 145 750 50 45 40.35.30 25 
CRETE 8 6 I ina xt ae D EU 


pp — 


AN INTRODUCTION TO THE PHYSICS OF THE NEW PARTICLES 505 


TABLE I-1°4. — Data on the stacks used in investigation on Kj,-decays. 
No. of emuls. | Thickness of | Total No. oF, 
Reference È i | ; £ 
per stacks the emuls. (um) of events 

J 120 DI 
[49] > 600 400 
5 | 300 
[48] 30 | 600 76 
[50) 120 600 87 
{ 43 | f 57 
38 | D0 
fo) | 38 | ey nae 
[51] 100 | 400 = | 

40 

nd f | 
52] | 108 | 600 16 


lation uniformly distributed through the whole stack. 
The number of « unbiassed » events is small for n < 20 
but it grows quickly for higher!»'s and in practical 
cases (n > 30; see Table I) represents more than 50% 
of the total number. 

Brene’s results enable ut so have an idea of the 
weight which we can give to the observations which 
have been reported. Most of the published dat# have 
been found in stacks of more than 40 emulsions, -(see 
Table I), and therefore energy spectra are not seriously Number of plates 
distorted. The angular distributions are not appre- iene NM ARE 

Fig. 3-14. 
ciably altered. 


The Kes decay spectrum. — The secondary 7'’s can only have an energy 


lower than 53 MeV. If a selection is made according to the criterion discussed 


02 04°. 06 DE 1.0 


Fig. 4-14. — Alterations on the x energy spectrum (from K,, decays) based on in- 

discriminate selection of events in a 20-(600 um thick)-pellicle stack (according to 

BRENE et al. [38]) expected distribution for a) 0° spin parity assignment, 

b) 1+ spin parity assignment; ------ as it would appear selecting events in the middle 
of the stack or ——— at the edge of the stack. 
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Fig. 5-14. — rtenergy distrib- 
ution for K'i decays. 


previously, they would fall invariably within 
the region a (Fig. 1-1°2) and once found they 
would be distinguished from other modes. 

In Fig. 5 we have reported the experimental 
data available at the moment. Dublin results 
(a) have been selected from secondaries above 
minimum at an angle of dip <12° [54]. 
Berkeley events (b) were partly identified by 
systematic following, partly by blob counting 
on a selected portion of K-meson seconda- 
ries [53]. It was reckoned that a bias against 
fast K,, secondaries existed in their selection 
and a correction was introduced accordingly 
giving different weights to their different ob- 
servations, as shown in Fig. 5. 

Both spectra, as well as their sum, are 
not inconsistent with a distribution symme- 
trical with respect to the median value. 


The Ky, decay spectrum. — The y energy can 
extend up to 134 MeV. The presence of some 


events having very nearly this energy excludes other decay schemes involving 
a larger number of heavy neutrals. 

The graphs reported have been compiled at the Rochester Conference 1956, 
the first, and by the Dublin group [54], the second. The difference between 
them is not significant as yet, although the second seems richer of high energy 


events. 


contribution from K,, 


A possible uncontrolled 
seconda- 
ries—which have a g* just corres- 
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Kj, decays. 
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Fig. 7-1°4. — Electron energy distri- 
bution for Kg, decays. 
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LAIGH and found to be negligible. The region below 80 MeV should be 
bias free. 

The two graphs are not to be summed because some events are contained 
in both. 


The Kg,-decay spectrum. — The nature of the neutrals, has not been estab- 
lished. From the existence of the neutral mode Kg, > e*+n7+y, one may 


infer that the right scheme is the following one: 
Ke, eh + ni dv, 


If so, the electron maximum energy is 228 MeV. 

The shape of the experimental decay spectrum (Fig.7) is most probably a con- 
siderably distorted version of the true one. We have seen that the determi- 
nation of the energy—at emission—of the observed secondaries is in general 
based on several cm of range. Electrons loose a considerable amount of energy 
in 1 em of emulsion, due to bremsstrahlung and do so in a way subject to 
large statistical fluctuations. The energy at emission is then determined by 
plotting the loss of energy as a function of the distance from the parent 
K-decay and extrapolating to zero a theoretical curve fitted on the experimental 
points. The errors involved are in general very large. a i to 

It is noteworthy that among the data available at present, 5 events seem 
to be above the upper limit allowed to the (e++7°-+v)-mode, but permissible 7 
to a Kg, et+v mode. Should this mode be proved to exist (and this is not 
yet the case) it may well be responsible for an appreciable fraction of the events 
so far attributed to the high energy tail of the K,, spectrum. +. 


1.5. — The mean life of the X*’s. 


The order of magnitude of the mean life of K+-particles has been known 
for several years, though only recently precise determinations have been made, 
most of them on K+-beams produced artificially. A variety of methods have 
been used many of them of great interest also from the technical point of 
view. They can be divided into three groups. 


i) Emulsion experiments. — The attenuation of the K,, flux in a beam 


of magnetically analysed secondary particles, produced by the Bevatron has 
| been determined-by ALVAREZ and GOLDHABER [55] by:measuring the K;,/proton © 
| ratio at two different distances from the target. The selected momentum channel 
corresponded to particles of 350 MeV/c, which were detected by placing stacks 


of nuclear emulsions on their path. The time of flight plus moderation time 
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for particles of mass 966 m, corresponding to the two distances were ioe Om 
and 1.8-10-8 s respectively. 
For Kt,-meson their measurements yielded the value 


—0.3/ 


| HR LLO0 ZA) 2107385 


The samo method was used 
also by OREAR et al. [56] who 
found 
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ILOFF et al. [57] searched 
emulsions exposed to the Kt beam 
produced by the Bevatron for de- 
cays in flight of K’s by scanning 
«along the track». In addition 
to a number of interactions, they 
observed 19 events which could 
be only interpreted as decays in 
flight of K* particles into a lighter 
particle, The number of the decays 
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Fig. 1-1°5. — The apparatus used by MEZZETTI 
and KEUFFEL [58] for determining the lifetime 
of cosmic ray K particles. A typical event did not allow a separation of the 
registered by the apparatus has been sketched . various K-modes. Altogether, the 
on the original drawing. mean lifetime was found to be 


T(E) LOL 10-88, 


In this, as in the majority of the experiments performed, the particles were 
allowed to enter the stack of emulsion only after having travelled several 
metres from the point of origin. In all these eases the time of flight was ~ 10-8 g, 
so that a particle having a lifetime of 10-* s or less would have not been observed. 


ii) Ewperiments using counters. — MEZZETTI and KEUFFEL [58] measured 
the lifetimes of cosmic ray K’s using both scintillation and Cerenkov counters. 
A sketch of their experimental arrangement is shown in Fig. 1. 8 is a scin- 
tillation counter and 0 two Üerenkov counters placed, one behind the other 


(only one visible in the sketch). Photomultipliers collecting light from the. 


Cerenkov’s were placed in such a way as to record only particles travelling 
upwards. The arrangement was prepared to: detect particles crossing the 
scintillator, stopping in the Cerenkov and emitting a fast secondary in the 
upper direction within a certain solid angle. agi di 
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mu decays could not interfere with the measurements since the event 
could be recorded only when the secondary had an energy exceeding 
T= 0.52 me?; nor for the same reason could Ka The majority of the events 
which could trigger the ap- 
paratus was thus Ki, Ki, i ea EI 
and Kg;. The results ob- AAA 
tained by the Authors are sl \ He seal seat i 
shown in Fig. 2. The pro- bi SEE GI eee, recs sos co el ae e a 
minent peak centered near 
zero of the time scale was 102 È 


due to spurious counts. From 
about 1.5-10-*s the exper- 
imental curve departs from 10 
the nearly gaussian distri- 
bution of the spurious counts 
(dotted curve) and continues 
on an exponential which [ | 
was interpreted as due to | anes 
| 15-10. 0 10 20 30° 40 

the decay of K*-particles. 

The corresponding mean Fig. 2 1°5. - Time distribution of delayed counts ob- 
life was found to be tained by Mfzzerti and KEUFFEL [58] 


i 107° s 
DELAY SCALE 


© 


T(K*) = (0.96 + 0.08)-10-° s 


in good agreement with the other results. 

An experiment in principle similar to this just described, was performed 
by RoBInson [59] who also analyzed decays of cosmic ray particles. 

He obtained 


t(K+) = (0.805 + 0.066-)10-* 8. 


An arrangement of scintillator and Cerenkov counters was employed by 
BARKER et al. [60] in conjunction with a cloud chamber (see Fig. 3), thus <x 
combining the high temporal resolution of the former with the precise spatial 
definition of the latter. 7 

A Cerenkov counter 0, was placed inside a cloud chamber containing six 
lead plates. A layer of 1.5 cm lead was also placed between the S, and C 
counters. The Cerenkov counters were surrounded by reflecting surfaces to 
enable the photomultiplier to respond to the total amount of light emitted by 

| the particle, irrespective of its direction. The selection of cosmic ray K particles 
‘was obtained by taking S,+/$,+ G — 0; coincidences. Such a combination indi- 
cated that a particle having a velocity below the critical value V, associated 
with the Cerenkov counter 0, was able to traverse 1.5 em of lead. The value 
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of V, and of the lead thickness were so chosen that only particles having a 
mass larger than 300m, would reach the cloud chamber, and K-particles 
would probably stop in one of the 
plates inside it. 

If a fast decay product was emitted 
by the triggering particle, in such a 
direction to cross the Cerenkov C;, the 
delay between the S,+$, and ©, signals à 
could be observed on à cathode ray oscil- 
lograph and measured. A cloud chamber 4 
picture was taken at the same time 
for each coincidence recorded and this 4 
enabled the Authors to distinguish ge- 
nuine K-decays from other spurious | 
events. Thirteen events were observed 
which gave à value of the mean lifetime 
of K’s, irrespective of their sign, of 


LEAD = +0.41).1()-8 
PM PHOTOMULTIPLIER TRI CAS REEL 
Fig. 3-1°5. — The apparatus of BARKER 
et al. [60] for measuring the mean life of Most probably all K observed were 
cosmie ray K*. K+ since slow K- would have interacted 


rather than decay. 

FircH and MoTLEy [61, 62] measured the lifetimes of K,, and K_, mesons 

| produced by the Brookhaven Cosmotron. They usi ‘magnetically Kt 

particles having a momentum of 465 MeV/c and focussed them at a distance 

| of 15 ft from the target. This corresponded to a time of flight — 2-10-8 s for 

Eu particles having a mass of 966 m,. 

The selected particles were allowed to cross a system of Cerenkov and 

xi Bare". scintillation ue schematically pba in Fig. 4. sa is a ponts only sen 3 
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sitive to particles having a velocity between 0.62 and 0.78e. To eliminate 
m-mesons which had been recorded by ©;, a second Cerenkov counter C, was 
used in anticoincidence with ©, with a threshold above the value of the K part- 
icle velocity. 

K particles of 465 MeV/e would trigger a C,— C,+8,+8,—S8; coinci- 
dence. Those which stopped in € and decayed emitting a particle fast enough 
to trigger O (i.e. chiefly K,,, K,,) could be recorded and the delay between 
C, and OC, measured. An absorber A was introduced to stop the selected K+ 
inside Ci. 

The identification of K,, events was based on the response of either of 
the two additional Cerenkov (C; or Ci.) to the fast w’s associated with this 
mode. The absorbers D and £ where so chosen that no secondary emitted 
from K_, could traverse them. Most of the other modes were also eliminated; 
moreover their relative frequency is known to be low and certainly could not 
interfere seriously with the measurements. 

K_, were selected by stopping them in the absorber Fl and by requiring 
a coincidence between C, and €; not accompanied by a signal from $3. The 
total sequence was then 0, — 0,+8,+48,+0,—8;+C;. In this way one 
could recognize x°’s coming from the 
K_8 decaying inside F# by the mate- 
rialization of y’s which traversed S, 3 | 
and produced electrons inside the 
Pb-converter. 

Ionizing particles arising from the 
decay of K’s in F could not reach C; 
without triggering S; also and would 
not be counted. Here again K,, and 
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possibly Kg; could simulate a K,, if A 
their decay scheme involves the emis- sol 
sion of x°’s or y’s. As stated above, ho- 7k | 
wever, their relative frequencies are low. 5} 
The distribution of the delays 
obtained with this apparatus is shown 7 | 


in Fig. 5. The slopes of the expon- 


entials correspond to il ie i IST. Cay à 
i _ Distribution he delays 
e +0.08) . 1 0-8 Fig. 5-1°5. — Distribution of t y 
Ru) = O EPS: in K} and Kja decays. (After FITcH 
TK (124 ee ES RE and Motte [61)). 


A slightly different apparatus was used by the same ‘Authors to measure 


the lifetime of the K,, meson. The K,,,’s were brought to rest in a scintillator 


and identified on the basis of the large amount of energy lost by their secon- 
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daries in it. By selecting delayed pulses of 35 MeV, or more in energy, they 

felt confident that negligible contributions could come from other modes. 
They found 


PROTON 
— ge BEAM 


TARGET KA Te 


— 0.07 
A subsequent experiment made by ALVAREZ 
et al. (see Fig. 6) at Berkeley [63] was based 
on very similar principles. K* were brought 
to rest in a scintillator C surrounded by a 
system of other counters schematically shown 
in Fig. 7. ws from K,, decays were the only 
secondaries capable of triggering simulta- 
neously the scintillators D and £, owing to 
the 2 cm Cu absorber which was sufficient to 
slow down secondaries from Ki or K,,, 
mae apart from the other modes which were 


QUADRUPOLE 
LENSES 


BENDING 
MAGNET 
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WEDGE ere LO > ( ARRANGEMENT 
8.0 SE 


AE 


Fig. 6-1°5. — Experimental arrange- 

ment used by ALVAREZ et al. to 

measure the mean life of Kt 
particles [63]. 


ignored, being rare. Kz, were detected by 
observing the simultaneous signals from D 
and A unaccompanied by any other from B 
and #. Such a combination was what one 
had to expect if the charged 7 crossed D— 
subsequently being brought to rest in the 
Cu-absorber—and at least one of the y’s, 


originating from the decay of the 7°, materia- 
lized in the Pb below. Simultaneous signals from B and D, non-associated 
with any other from E or A, were interpreted as due to K,, mesons. The 
delay interposed betwee* the « trigger » pulse, due to the K+ stopping in OC, 
and any of the additional coincidences due to the lateral counters, was mea- 
sured by recording the response of individual counters on an oscilloscope. 
The values thus obtained are 


t(K,.) = (1.4 +0.2)-10-8 8, 
TK...) == (13 = 0.2) *10-* 8. 


D K 
Pet. #2? 

Too few K_y 8 were recorded to obtain a pre- c A K 
. K . . . . Te 

cise determination of their mean life. à K 


ta : È 3% Cu +0,105" Pb 
iii) Experiments using cloud cham- A 


bers. — Cloud chamber experiments cannot 
in general yield results as precise as those . 
obtainable from the other techniques des- 


Fig. 7-1°5. — Details of the counter 
arrangement used by ALVAREZ 
et al. [63]. 
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cribed above, mainly because of the large errors involved in momentum 
measurements which make a precise determination of the velocity of the 
observed particles, difficult. 

We shall describe briefly one of the most recent experiments performed 
with this technique on cosmic ray K-particles, by ARNOLD et al. [64]. It 
involved two large cloud chambers placed one above the other; the upper 
one, 16in.x16in.x16in. in size was placed inside a magnetic field of about 
5 500 G; the lower one, 20 in. x 20 in. x 7 in., contained 7 lead plates 0.5 in. thick 
which were replaced by 7 copper plates of the same thickness during the 
course of the experiment. The expansion of the chambers was controlled by 
a counter system which could be triggered only by a penetrating shower. 
Since no electronic device was used to measure any time delay between the 
recorded particles, lifetime determinations could only be made on those which 
were observed to decay in flight. 

Out of 46 charged unstable particles of both signs which these Authors 
observed, only 9 of the positive ones could be individuated as K-particles 
decaying into two secondaries. The distribution of these events in the chamber, 
analyzed by means of Bartlett’s (see Sect. 9°3) method gave a value of 
the mean life of (5.3?) -10-1° s, well below that found using different techniques. 
So far, this result has not been confirmed by other findings. 


iv) Remarks on the results. — All the results obtained in the investigations 
described above, are summarized in Table I. Average values, calculated giving 
to each individual result a weight equal to the inverse square of its error, 
have been given in the last row. It appears clearly that those available are 
all consistent with a unique mean life: the average of all values is 
Tg+ = (1.12 + 0.03)-10-88. 

Should small differences exist, it would be very difficult to detect them 


TABLE II-1°5. - Relative abundancies and mean lives of the K*’s (after HOANG et al. [65]). 


Abundancies 
Decay mode Stack a Stack b KT) — (Kia) (*) 
3.52 m from 4.27 m from (10° a) 
the target the target 
Rio Ko 7.0 4 1.7 8.14 31.8 O° Sab O47 
pies 23.5 + 5.8 20.6 + 5.5 — 0.37 + 0.08 
Bla 60.1 + 12 61.5 + 14.8 dir 
Kis 42+ 1.3 4.0 + 1.8 — 0.21 + 0.13 
Kgs 4.7 + 3.5 | 5.5 + 3.2 + 0.75 + 0.56 


(*) Calculated assuming trita = 1.2:10-*s. The errors are only statistical. 
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through direct measurements as those described in this section unless the 
experimental errors were reduced to a small fraction of their present value. 

An alternative method to be used on artificial particles is based on the 
comparison of the relative frequencies of the various modes of decay measured 
at different distances from the target. Small differences in the mean lives 
could then be appreciated. 

Of the data reported in Table I-1°3 those of the G-stack [40] and of the 
Ecole Polytechnique group referred to particles which needed to survive only 
for a time of ~ 3-10-!° s to be selected. All the others refer to particles which 
had to travel for a considerable distance from the target to the detector 
(Z 10-*s). Comparison of the two sets of data does not indicate a substantial 
difference in the mean lives of the various modes. The same was found by 
the Rochester group [45] who analyzed K decays in two stacks of emulsions 
exposed at 3.52 and 4.27 m from the target respectively. Mean life differences 
as obtained by these authors are reported in Table IT. 
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CHAPTER 2. 


Observations on negatively charged K-particles (K°). 


K7 basic properties are not as well known as those of their positive counter- | 


parts. We especially lack information with regard to their modes of decay: 
this is because K7 interact strongly with matter and when brought to rest. 
in a recording medium are usually captured before they have time to dis- 
integrate (*) [1]. Only a few decays in flight have been observed and of those 
observed only 14 identified (see below). 

Within the experimental errors, both the mass and the lifetime seem to 


be very close if not coincident with the corresponding values determined for 
the K* particles. 


E Pee - Identified modes of decay. 


To our INA CAES the re events have been identified: 


i Fi The Ki patta mode. — Eight cases have bet observed car ù 
14 1 case; [3] 1 case; [4] 2 cases; [5] 4 cases) in cloud chambers exposed to cosmic | 
_ ays; and four cases în 2 hydrogen bubble chamber exposed to the K--flux — 
e Bevatron [6]. In : ss 3 È 
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interpreted as a m and its momentum at the point of creation was found to 
i Ve Sa aV/a “hic ve rnva far à . : 

be (170+ 9) MeV/c. This value gave for the corresponding momentum in the 

decay center of mass system (202+ 12) MeV/c, in good agreement with that 

obtained for Ki,. 


iii) The K fa ? + ? mode. — One case to be attributed to this scheme 
was observed in the same investigation which yielded the event described in ii) [7]. 
The secondary particle was identified as an electron through ionization and 
scattering measurements on various intervals along its track. Its energy, in 
the center of mass system, was found to be 30 MeV. 

Several cases have been reported of events observed in cloud chambers 
which are most probably due to K-decay and yield a value for the mass of 
the primary close to 966 m, when interpreted, some in terms of the K_, and 
others of K,, scheme. Details are given in Table I. The first three cases 
listed here favour a K_, scheme; the others a K,, scheme. 


TABLE I-2'1. — Probable two-body decays. 


Reference STO | Mur, y) Probable 
(me) (m,) decay mode 
| ¥ ae 
[4] | (932 + 105) (871 + 115) Ke 
[4] | (935 + 58) (833 + 65) Ki; 
[8, 9] 954 + 30 790 + 25 Rai 
[4] (1080 + 204) (966 + 210) Lo 
[4] (1062 + 110) (995 4.120)... Kye 
[9] | (1065 + 55) 986 + 60 Ky 
[9] 1045 + 45 941 + 50 Kye 
[9] 1049 + 40 936 + 30 K,> 
Values in brackets have been deduced from the values of the momentum p* 
of the secondary particles in the frame of reference of the decaying K° — as given 
in the original papers. 


Indirect evidence in support of the existence of modes of decay other than 
i), ii) was obtained by the Ecole Polytechnique group [10]. Examining a large 
number of V~ they concluded that it was impossible to interpret them if all 
the secondaries were assumed to be x-mesons. They suggested therefore that 
some of their cases were necessarily due to Ky, or K,,. 

Noteworthy one event which was found associated with two electron 
showers. The dynamics of the event was consistent with its being a Kz, and 
with the assumption that both y-rays had been produced by the disintegrating 
n° secondary. Unfortunately the primary was so fast that the sign of its 
charge could not be established with certainty. 
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2:92. — The mass of the KS. 


Experimental methods to determine the mass of K~ particles are not sub- 
stantially different from those employed for positive K’s. Most of the work 
has been done using nuclear emulsions and the results have been reported 
in Table I. 

WEBB et al. [11] determined the mass of 42 selected events from the si- 
multaneous measurement of their residual range and their momentum on 
entering the emulsion stack. The measurement of the momentum was more 
elaborate in this case that it was tor K+. (See Sect. 1°2). There it could be 
immediately deduced from the residual ranges of protons deflected through 
the same angle: here it had to be deduced from the range of positive K’s 
channelled and focussed in the same way as the negative ones by reversing the 
magnetic field of the focussing spectrometre. What was thus obtained was 
the ratio M(K7)/M(K+) which was found to be 0.998 + 0.013. 

Determinations have also been based on the study of the dynamics of the 
interactions of K with free protons of the emulsion (See Table I). The 
most precise (Am/m < 0.5%) are those based on the estimate of the energy 
released in the capture of K- by free protons leading to the ejection of a 
positive & hyperon and a negative pion. Those associated with the emission 
of a negative & are not as useful since the mass of the latter is not known as 
precisely as that of the X*+ (see Sect. 3°2). 

K,, decays observed in bubble and cloud chambers allow a precision 1% 
in favourable cases. 

It is apparent from Table I that the masses obtained through the dif- 
ferent methods are all consistent with a single value, very close to that of 
the K*’s. An average on the two best estimates [14] gives 


Mm, = (965.6 +1.2) m, . 


IN 


2°3. — The mean life of the K~’s. 


The mean life of K~ has been measured in emulsion and cloud chamber 
experiments and recently with counters. The emulsion work is due to ILOFF 
et al. [34]. Stacks of stripped emulsions were exposed to a magnetically ana- 
lyzed beam of K7, and particles having momenta 285 to 425 MeV/c were allowed 
to enter the stacks, parallel to the emulsion layers. The K~ tracks, recognized 
| from the background of ~~ of the same momentum on the basis of their grain 
density on entering the emulsion, were followed until they decayed or inter- 
acted, or were brought to rest. For each event the time of flight t; was 


x 


D is 


RC 
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Tage 1-2°2. — Summary of K -mass determinations. 


i) Direct determinations, based on the characteristics of the K°-particle tracks and/or 
their magnetie rigidity (emulsion work only). 


| 


No. of Time 
Ref Source of observed) of flight Mass Remarks 
radiation dents (8) (m,) 
(*) | Cosmic rays 21 > 10-11 | 987424 — 
[1] | Bevatron 51 — 108 |970+30 Range versus scattering (con- 
stant sagitta) method. 
FE » 42 1.4-10-§ | 963412 | Range — Ho method 
(**) | Bevatron and 13 => 10-° |939+20 — 
Cosmotron 
[12] | Bevatron 3 = 10-3 | 989-10 From elastic scatterings on free 
protons. 
(Individual values: 980+ 220; 
| 1008+26; 993+11). 
[13] » 1 a 979-+11) From elastic Bcavtersne on free 
protons, 
[14] » 6 — 978457 |, do 
(*) (15-24). (**) [25-31]. ef =D i Mg 


ii) Indirect determinations, based on the analysis of the ‘decays or of the disiitegrations a 
a ATL by eed 


Source of Deice or No. of 


radiation 


a 


lo) 
events flight 
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measured and hence the lifetime calculated. Out of 13 decays in flight they 
obtained t,- = (0.957°%*)-10-8s. Preliminary results obtained by BARKAS 
et al. [14] from a similar experiment indicate a slightly higher value 
((1:46 73-53) °10-8 8). 

Cork et al. [35] estimated the mean life by measuring the decreasing in- 
tensity of the K~ flux between two counters placed in the beam of negative 
particles produced by the Berkeley Bevatron. The momentum of the K™ 
was 900 MeV/c: the distance between the two counters was 13.4 feet and that 
of the first counter from the target was approximately 100 feet. Their ex- 
periment gave tx- =(1.49+9%#)-10-#s in good agreement with BARKAS et al. 
The average calculated on the results listed above is 


Ten (132 4 0.17)-10 8, 


which is very close to the mean life of K+ (See Sect. 1°5). 

Different results have been obtained by the Princeton and by the Pasa- 
dena group. ARNOLD et al. [9, 37] studied penetrating showers by means 
of two cloud chambers, one immersed in magnetic field and another equipped 
with lead plates. Out of 44 V events, 6 negative were found which could not 
be due to hyperons and were assumed to be K~. The mean life was measured 
using Bartlett’s method (see Sect. 9°3) and it was obtained 


daria 8, 


: Sith 50% probability. The SERATA that 7,- were greater than 5- 10-5 
| was found to be 11%. 


TRILLING and LEIGHTON ([36]; see also [38]) also in a cloud chamber 


| investigation on charged V-particles found some evidence for a short lived 


È Do: I negative component. Their events, however, can be interpreted age or Ro 
He: the: individual errors in mass and moment estimates being rather Do Lu: 14 


+72 Does are e known, to havi a; pit of 1098. 
È x TR 3 n os + 1 
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Thus we are led to conclude that: 
i) The existence of K~ particles having a lifetime — 10-8 is proved. 


ii) The possibility of the existence of a short lived component seems 
very doubtful because presumably it would have been observed in emulsion 
in the same way as the &*+ emitted from energetic disintegrations are observed. 


iii) No evidence for a long lived component (7 > 1077s) has ever been 
reported. 
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CHAPTER 3. 


Observations on Neutral K-particles (K°). 


3-1. — Early experiments on Vs. 


In the course of an investigation on cosmic ray penetrating particles, by 
means of a cloud chamber, ROCHESTER and BUTLER [1] observed two forked 
tracks «of a very striking character ». In either case the apex of the fork 
was in the gas; and in neither case could they see any other ionizing particle 
associated with the apex. They noted that if the two events were due to some 
collision process, then they should have observed several hundreds ,of them 
in the lead plates of the chamber; besides, the momentum transferred to the 
target nucleus would have been large enough to produce a visible recoil. It 
‘ was also proved that neither event could be interpreted as due to an electron 
pair. On the basis of momentum measurements they concluded that the two 
events represented the spontaneous decay of new particles presumably into 
light mesons: in one case of a neutral particle and in the other of a charged 
one, both having masses around 1000 m,. 

Confirmation of their conclusion was obtained by SERIFF et al. [2] who 
used a similar experimental arrangement. They observed 34 V-shaped events. 
among cosmic ray particles and assumed them to be of the same type as those 
observed by ROCHESTER and BUTLER. The name « V-particle » was then sug- 
gested by C. ANDERSON and P. M. S. BLACKETT (see [3]) to indicate this 
type of events. age | 

Of the 34 events, 30 were interpreted as due to the decay of neutral V 
(or V°) (*). The nature of their secondary fragments was in-most of these . 
cases obscure, but it could be proved that light mesons (x or pw) were present 
among them, and that presumably there were no electrons since no radiative 


(*) Although their composition and nature is now much better known than it 
was then, and different names have been introduced for the various components, we _ 
shall use the symbol V° to indicate indifferently any event due to a neutral particle 
which decays into two charged secondaries. > 
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collision was observed associated with those crossing the lead piate inside 
the chamber. 

Moreover in twelve cases the plane of the V° also contained the centre of 
an interaction observed simultaneously in the chamber and most probably 
responsible for the creation of the V° itself. This suggested that the decay 
scheme of the V®s did not involve more than the two visible fragments. 

The first evidence that V°’s consisted of at least two different types of 
particles was obtained by the Manchester group in 1951 [3]. Among the posi- 
tive secondaries of 36 V’s, 4 protons were identified with certainty and 3 part- 
icles observed which were definitely lighter than protons. Among the nega- 
tives, 3 were identified as light mesons, 18 were found to be lighter than protons 
and none was identified as a particle of protonic mass. Unfortunately in no 
case the mass of both secondaries could be determined. However in the four 
decays associated with a positive fragment of protonic mass, the negative 
fragment was found unlikely to be anything but a light meson. 

The presence of positive fragments both of protonic and of mesonic mass 
made it difficult to explain all the observed events in terms of alternative modes 
of decay ot the same particles (*). | 

The quoted Authors suggested the existence of two different particles which 
decayed in the following ways 


VESTE 
Von +r.. 


On these assumptions, the mass of the two particles, as obtained from 
momentum and/or ionization measurements, turned out to be: 


m(V°) = 2250 m, , 
m(V2)~ 950 m,. 


JON 


hi 
- 
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3:2. — Nature of the charged secondaries in K° decays. 


Following the pioneer work of [3], cases of K° were reported by various 
people [4-6]. Further information on the nature of the secondaries was ob- 
tained from the study of their interaction properties. A number of interactions 
undergone by secondaries from K° decays was reported [5, 7-9]. The one 
found at the Ecole Polytechnique [9] in which both interact is particularly 
interesting. The Manchester group [4] observed two interactions by secon- 
daries of either sign, crossing a total of 20 g em? Fb which is a distance about 
1.3 times longer than the geometric mean free path. REYNOLDS [8] observed 
two nuclear interactions over a range of 132 g em ? Pb. 

Three 2-branch stars observed in photographie emulsions and identified 
with a high degree of probability as K°-decays [10-12] furnished independent 
evidence that most of the secondaries from K° interact strongly with matter. 
In all the three cases the negative fragment, stopped in the emulsion producing 
a disintegration, and consequently was assumed to be a x. The positive 
ones could be z’s or u’s; they were too fast to decide between the two alter- 
natives. One example of x-u decay of a meson emitted from the same two- 
branch-star in emulsion was reported by LAL gt al. [13]. This case will be 
discussed again in Sect. 3°7 since it was found to be associated with a low 
Q-value. ì 

Recent cloud and diffusion chamber observations have shown the existence 
of V®s which disintegrate into (x, e) and (x, x) pairs [14-19]. 


8-3. — The plurality of K°-events. 


The evidence surveyed in Sect. 3°2 indicates that there must be more 
than one mode of decay to be associated with K°-events. In the following 
sections, leaving the historical accuracy aside, we shall analyze the ensemble 
of the experimental data accumulated in the last few years and proceed to 
see in some detail how many K°-modes can be proved to exist. 

The line of approach will be the reverse of that used in connection with 
charged K’s. There we could select the particles on the basis of their mass 
as deduced directly from their observed behaviour in interacting with matter 
or external fields before they decayed; subsequently their various properties 
such as decay mode, lifetime etc., were considered. 

For neutral particles the knowledge of the decay mode is in general the 
starting point. Once the nature of the secondaries and the energy released 
in the disintegration have been established, the other relevant dynamical 
- parameters can be calculated. 


(1-84) > op) dp, = 
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Precise mass and energy determinations on both secondaries are seldom 
possible in cloud and diffusion chambers—which were responsible for most 
of the early work. In most cases the information obtainable in individual 
events is only « partial» and not sufficient to allow an unambiguous iden- 
tification. It was soon realised, however that definite conclusions could be 
reached even out of a comparatively small number of « partial data » and very 
elegant methods of analysis were developed to this purpose [20, 21] (see Ch. 9). 
Even if the production of intense beams of unstable heavy particles by the 
big machines has made them less essential than they were a few years ago, 
they are still of great interest. The discussion of the aata given in the fol- 
lowing pages is largely based on their application. 


3-4. — The K°, > rt + 7 mode of decay. 


In this section we shall describe the evidence for the existence of a neutral 
heavy meson decaying according to the scheme 


KY, > +++ (214 + 2.5) MeV. 


We shall begin by considering two experimental facts: 


3'4.1. Existence of co-planar events among K°-decays. — Whenever the origin 
of a V°-event can be individuated, it is possible to check whether its line of 
motion and those of its charged secondaries lie or not in the same plane. Any 
appreciable departure from coplanarity indicates the existence of at least one 
neutral decay product. It must be pointed out that the reverse is not ne- 
cessarily true since for appropriate values of the masses and velocities of the 
secondaries the « uncoplanarity » may well be, on the average, of the same 
order of magnitude of the experimental errors involved in angular measurements 
and therefore practically undetectable. 

Coplanarity in K*events—within the experimental errors—has been ob- 
served by BARKER [23] in 7 cases, by FRETTER et al. [24] in 11 cases, by 
BRIDGE et al. [7] in 4 cases, by GAYTHER [25] in 8 events. 


3'4.2. Transverse momentum distribution. — In a 2 body decay, if the emis- 
sion of the products is isotropic in the center of mass system, the distribution 
of the transverse momentum (*) follows a simple law 


PrdPr 
p*(p*° — pr)? ° 


| (*) Le. the component of the momentum of the secondary perpendicular to the 
line of motion of the primary (see Fig. 1). : 


\ 
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where p* is the momentum of the secondaries in the system in which the pri- 
mary is at rest. 

Due to errors in the determination of p, the experimental curve is to be 
expected to differ from (1). BARKER [23], assuming a Gaussian distribution 
for the errors, predicted a p,-distribution of the type 


p* 


SA 
Jp*(p*° — pr)? 


BEST 
(2-34) o(p,) dp, = dp, exp ee Ap, , 


where p, indicates a value of the transverse momentum as experimentally mea- 
sured and Ap the average error in p, deter- 
minations. A histogram based on 13 
K°-cases was fitted with the @(p,)-curve cal- 
culated for p*=200 MeV/cand Ap=35 MeV 
(Fig. 2). The agreement with the ex- 
perimental points strongly suggests that 
both assumptions (2-body decay and 
isotropy) are.correct in so far as the events 


considered are concerned. 
¥ 


3 ze 
[ pò 


N° of events 


| 
| 
| 
| 
| 
| 
2 


0 1 
P7. (100 MeV/c) 
Fig. 1-3'4. - Momentum diagram Fig. 2-3'4. Transverse momentum distribution 
of neutral 2-body decays. in K°, decays. (After BARKER [23]). 


304.3. Dynamical analysis of K° decays (*). — It was shown by THOMP- 
son [4, 21] and by PODOLANSKI and ARMENTEROS [20] that, for two body 
decays, momentum and energy conservation laws, expressed as a function 


(*) For details on the methods of analysis discussed here and in the following 
paragraphs see Sect. 9°1. 
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of the quantities p, and «= (pi — p;)/(pi +pr) (pi and p; being the longi- 
tudinal components of the momenta of the secondary particles (see Fig. 1) 
result into the equation 

(a — a*)? 


where M is the primary mass, P the primary momentum, a*= (mì, — mì )/M?, 
m, and m_ the masses of the charged secondaries. For a given 2-body decay 
scheme, the values of M, «* and p* are uniquely determined. Viceversa if 
one determines experimentally the values of M, «* and p*, the decay scheme 
(i.e. also m; and m_) can be deduced. 

For each observed decay the quantities 1/P, x, p, can be determined 
experimentally without any previous knowledge of the decay scheme. In a 
(1/P, x, p,)-Space each triplet of values is represented by a point and equa- 
tion (3) tells us that all points associated with the same « decay scheme » 
fall on the same « decay surface ». 

One could in principle individuate the surface given a sufficient number of ex- _ 
perimental points. This is practically impossible: but it is possible to check 
an assumed decay scheme against the experimental observations. 

Before we see how this can be done, let us remark that if we are observing 
decays of fast K®s and the condition P? > M? is satisfied, the projection of 
the points in the x — p, plane 
(1/P = 0) will be very close 
to the curve 


(a — oF)? _ 


(4-3 11 i con pia 


We can then make use of © 
the far more manageable two- _ 
dimensional «—p, plot instead — 
of the three dimensional one | 


RE eS sue 1 
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The indications summarized in Sect. 3°2 and 3°4 give to a dynamical 
analysis in terms of « and p, a more precise meaning. In fact they suggest 
a check of the experimental data against the scheme Kî_ > xt++7~ associated 
with a value of p* — 200 MeV/c. Of the large amount of data accumulated 
in the last few years on K° particles, certainly few are more convincing than 
those of THOMPSON et al. [26] (Fig. 3). Out of 28 events 24 crowd a narrow 
region close to the ellipse corresponding to p*=203 MeV/c and to a @ —214 MeV. 
One can hardly escape the conclusion that the above decay mode exists although 
it does not explain all the observations. The «anomalous » cases will be dis- 
cussed in Sect. 3°7. 


3°4.4. The mass and the Q-value of the K,’s. — A list of results concerning mass 
measurements on identified K°, particles observed in cloud chamber exper- 
iments is given in Table I. The corresponding Q-values, as defined by the 
relation Q = M—m.,—™m_, are also given. 

An average calculated on numbers obtained from different experiments, 
probably affected to a different extent by systematic errors, seems to us 
meaningless. In view of the high degree of technical precision reached by the 
Indiana group, we are inclined, to consider their results as the closest approach 
to the true value so far achieved, i.e. 


2 


Q(K°,) =(214-£2.5) MeV;  M(K°,) = (965 +5) m, (*). 


Few cases of K°, have been observed in nuclear emulsion (YASIN [12], 
pr Corato et al. [10], HIRSCHBERG [11]). The estimated Q’s are in good 
agreement with those of Table I ((202 + 11) MeV, (210 + 35) MeV, 
(216 + 45) MeV). 


Taste I-3°4. — Mass and Q-values regarding K2,-decays. 


Source No. of Q M 
. Detector 
ma of radiation | events (MeV) (m.) 
[28] Cosmic Rays Magn. Cloud Ch. 31 212 + 4 961 + 8 
[29] Cosmotron » 29 200 + 10 936 + 20 
[31] Cosmic Rays ta 12 222 + 4 974 + 8 
[26] > » 24 214 + 2.5| 965 + 5 


34.5. The lifetime of the K°,’s. — The experimental procedures followed in 
lifetime measurements on K°s are very similar. 


Measurements on cosmic ray particles, all recorded in cloud chambers, have 


(*) With regard to the value of the error given here see K. M. Crowe [27], foot- 
note p. 552. 


a 
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been analyzed using Bartlett’s classical work (see Sect. 9°3). They differ, 
however in the method of selection. Particularly in the early ones, the se- 
lection of the events was largely based on the assumption that only two types 
of V°-particles existed, the A° and the K°, and so long as an event was con- 
sistent with the K°, mode and inconsistent with the other, it was automatically 
assumed that it was a K°,. Presently we are unable to estimate the relative 
proportion of the different modes (Sect. 3°7) which are likely to have inter- 
fered with this type of experiments and we cannot decide on the exact signi- 
ficance of the interpretation given by the respective Authors of their results. 
Presumably however they are not seriously in error because the other modes 
of decay presently known to exist are mostly associated with a mean life 
probably 100 times longer than that of the K°,. Unless the long lived ones are 
produced in a much larger proportion than K?, (which does not seem the be 
case) only a small fraction of them would be present in the samples selected 
in most of the cosmic ray experiments which in general recorded particles de- 
caying very close to the generating material. 

In the experiments in which a magnetic analysis of the momenta was pos- 
sible [31, 32] the selection of the events was based on the Q-value determi- 
nation. In others [ 25, 33, 34] the analysis was carried out following the method 
of Podolanski and Armenteros (see Sect. 9°1) which requires only the know- 
ledge of the angles ®, and ©, (as defined in Fig. 1) (*) combined with an 
estimate of the ionization. Their procedure was the following: in the cases 
in which the line of flight of the V° and those of either secondaries was known, 
the parameters 

sin (®, — @,) 2 sin ®, sin D, 
COSE re and e= ——— 
sin (®, + Di) sin (®, + ®,) ? 


were calculated. In the «, e plane, the point having these co-ordinates must 
lie on an ellipse which is determined by the decay scheme and by the mo- 
mentum P of the primary. As noted in Sect. 91.3, the distances f, and f, from the 
point (x, e) to the foci of the decay ellipse (see Fig. 4-9°1) determined the angle 
* of emission in the center of mass system and the velocity B of the primary. 
The V° were only assumed to be either a K°, or a A°. For each choice one can 
draw only one ellipse going through R, i.e. only one set of values of D* and $ 
is possible. Assuming alternatively the values of p*, m, and m, related to the 
Ki, and A° modes, the momenta p, and p, can be deduced from the relation 


p, sin D, = p, sin D, = p* sin D* 


f (*) When, in the absence of a magnetic field, the sign of the secondary charges 
is not known, the symbols ®, and ©, will be used to indicate the same angles instead 


of ®, and D_. 


x 
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and the ionization of the tracks produced by the secondary predicted. If these 
particles are not fast, a comparison between the predicted and the observed 
ionization may allow a choice between the two modes. For example, in 29 out 
of 44 examined K°, Gayther found consistency with only one of the two schemes. 


Measurements on artificially produced K®s have been made at Brookhaven 
using cloud and bubble chambers. BLUMENFELD et al. [29] analyzed 29 Ks 
observed in a 36 in diameter magnet cloud chamber, produced by 1.9 GeV x- 
in lead and carbon. On the basis of the measured @-values they identified 
bo Ko, 

SCHWARTZ et al. [35] studied K° particles produced and decaying in a 12 in. 
diameter propane bubble chamber exposed to the flux of 0.85 to 1.3 GeV/e x 
beam produced by the cosmotron and immersed in a magnetic field. The 
origin of the K° could be located very | 
precisely whenever the parent 7 inter- 
action was seen in the chamber. Such 
origin is in fact marked by the point of 
disappearance of the primary x such as 
mal shown in Fig. 8,8 due to the react- : Tyo =954.08x10-10 s 
ion (compare also Sect. 17'3) eh 


À 


am +p — A° + K°. 


Thus, combining the knowledge of 
the dynamics of the production events 
with the estimates of the momenta of 
the secondaries (as obtained from ma- 
gnetie analysis of the A° and K° decays) 
the time of flight of the unstable particles 
could be measured more precisely than 
previously done. 

Moreover these Authors were able to 
analyze a large number of events, à 
almost twice as many as those observed in several years of work on cosmic a om 
rays (see Table II). Their result I Bee 


TIME (x10 06 ) 


Fig. 4-34. — Time distribution of K£; 
decay. (After Scuwarz et al. [35]). 


Bg) = (0.95 0.08)-10-1° 8, 


has thus more weight than all the others listed in Table II. 

The distribution of the individual times of flight (Fig. 4) is beautifully fitted 
by an experimental line corresponding to this value of 7. aa 

A weighted average of the cosmicray results alone gives t =(0.65---0.08) -10-"s, 
which is appreciably lower than that given by the machine work. Despite 


35 — Supplemento al Nuovo Cimento. 
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TABLE II-34. — K2, mean life measurements. 
— — — ———— | 
Ref. | Source of | Detector No. of oe SITE life 
Radiation events | LOR rs 

[32] | Cosmic rays | Magnet Cloud Ch. 11 | 1. 6204 | 

[34] | ) |  Multiplate Cloud Ch. 6 MODE 

[7] | » | N 6 0.9 * : | 

[361] | » » RG I | 

[25] » » 81 AO | 
[33,37] | ) | » 52% "06/401 

[31] » | Magnet Cloud Ch. PAM | 

[29] Cosmotron | » | 25 ees ne 

[35] ) | Magnet propane bub. ch. | 277 | 0.95 + 0.08 | 


the small numerical value of the statistical errors which have been estimated 
by the authors of the various cosmic ray experiments, there are too many 
possible sources of uncertainty, to leave ground for a claim of substantial 
difference. 


8°5. — The K%, > 70 + 7° mode. 


When a beam of accelerated particles of sufficiently high energy strikes a. 
target it will produce all sort of charged and uncharged radiations. In part- 
icular it may produce y-rays either directly or by an intermediate unstable 
particle which decays with the emission of one or more y’s. Neutral r’s are 
an example of such processes since they are known to decay in the majority 
of cases according to the scheme 7° >y+y. Other examples have been 
quoted in this article when the Lane sis were mentioned: K£— 
ont pa > rt+y4y and KE > ut+r0+v>u*+Y+y+; others will be: 
mentioned in the next chapter. 


y-rays produced in the decay of unstable particles can be distinguished 


from those directly produced in the target if the lifetime of the unstable 
particles is long enough to bring the emission of y’s at an appreciable distance 
from the target itself. This will have the effect of producing an « extended » 
source of y-rays, on either side of the target if the dynamics of the individual 
processes allow their emission both in the forward and backward direction. 

If an experimental arrangement is used, which is capable of detecting 
y-rays coming from a well defined direction such as that schematically drawn 
in Fig. 1 it may be possible to measure the «extension » of the y-ray source: 
and hence the mean life of the unstable particles responsible for it. 


be È 
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Or 


The knowledge of the lifetime and of the « excitation curve » may allow 
the identification of the individual processes which lead to the y-emission. 


Of the known processes, the 7° de- 
cay, being associated with a mean life 
<10-! s will produce y’s practically 
all inside the target. If a K°:,—7°+ 7° 
mode occurs with appreciable frequen- 
cy, and has a lifetime comparable with 
that of the K°, mode, its contribution 
may be detected from the study of the 
y-intensity as a function of the di- 
stance d from the target (see Fig. 1) 
at various energies of the primary 
beam. Analogous considerations may 
be applied to hyperon decays and 
these will be discussed in the next 
chapter. The contribution from K+ 
would not interfere with that from K°’s 
since the former are known to have 
a lifetime about hundred times longer 
than the latter. 


Y-TELESCOPE 


O 


LEAD 
SCREEN 


TARGET Y RAYS FROM THE TARGET 
OR FROM THE DECAYS OF 
UNSTABLE PARTICLES 


CREATED IN THE TARGET 


| | 
I I 
ke dl 
I | 
I Ù 
Fig. 1-3°5. — Disposition of apparatus 
employed by CoLrins [38], RipGwAY et 
al. [39], OSHER et al. [40] for the study of 
y-rays ejected in the decay of unstable 
particles produced by the impact of 
egergetic protons in matter. 


, 


A search by this method was carried out by COLLINS [38] and by RIDGWAY 
et al. [39] who had at their disposal a proton beam of energies up to 3 GeV. 
Details of their apparatus are given in Fig. 2. 

Only y-rays emitted at right angles with respect to the primary beam were 
detected by a y-telescope, all radiations, not coming from a well defined 
« viewed region », being prevented from reaching it by a heavy lead shielding. 


Occulter 


Proton beam 


Target 

Viewed 

region 

Pb ‘shutter 
Counter telescope 
1 FT. 

Fig. 2-85. - Details of the apparatus used by Ripawayx et al. [39]. "a 

| The y-telescope consisted of four scintillation counters and of a Cerenkov __ 


counter disposed as indicated in Fig. 3. Gammas converted into electron pairs | 2 


Li on TE € PA Luc nes 
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in a 1} inch thick lead plate could produce a 4-fold coincidence in thesS,-S,-S,-C 
counters. The anticoincidence counter S, placed before the converter ensured 
that the particle triggering the telescope was neutral, while the Cerenkov C 
selected only relativistic particles from a background of other charged pro- 


Scintillators 


Y-Rays rs 6342 
+ me Phototube 


Lead converter 
Lucite absorber LS \ 


Fig. 3-3'5. — The counter telescope placed inside the apparatus in Fig. 2. 


ducts of disintegrations produced in the converter or in the first layers of S, 
by neutrons. The amount of matter to be traversed by the electrons created 
in the converter fixed a minimum energy for detectable y-rays at 10 MeV. 
In these conditions the Authors felt confident that most of the unwanted 

background was eliminated. 
The relevant point of their result is that the intensity of the y-rays which 
their apparatus recorded when the « viewed » region was at a distance 1.3 em 
from the target, begins to rise above 


4 Haas, the negligible value of the background 
ETES at a primary energy of — 1 GeV (see 
i : Fig. 1-181). This, (see. Sect. 171) 
70 GeV ug agrees very well with the expected thre- 
3 

tu Pee: shold energy for associated production 
1 2 Pa of heavy mesons and hyperons induced 
S ma by nucleons. In fact, of all the react- 
= tes id ions induced by nucleons, predicted 
ae © by the theory, the one with the 

o lowest threshold is 

‘oonl_, DISTANCE FROM TARGET EDGE (cm) 


OE RC RC IR CN PR 18 


Fig. 4-85. — Spatial dependence of the 
y-ray intensity as observed by Ripeway 


et al. (See text). which requires à primary energy of 

about 1.1 GeV. 
They also measured the y-yield as a function of the distance d for two 
different primary energies (1.7 and 2.9 GeV). Disregarding the points for 
d<2 cm, whieh are certainly affected by directly produced radiations, the 


N+N+K+A°+N, 
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Fic. 6-3:5. — Evidence favouring the existence of the neutral decay mode Ko. The 

event has been interpreted as due to associated production of a A° andea*K° in a x-+p 

collision. The K° subsequently has decayed into 7°’s from which four y’s must have 

originated. Two of them have materialized into electron pairs in the chamber. 
(Courtesy of Prof. J. STEINBERGER). 
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distributions indicates a decay constant of ~ 0.24 and — 0.263 em! respectively 

| (Fig. 4). The interpretation of these curves relies however on the assumed 

energy spectrum of the unstable particles which are believed to be responsible 
for the y-rays. Consequently, no definite proof can be given that the observed 7 
intensity is necessarily due to the n 
Kos 
A similar experiment has been 
performed recently by OSHER et 
al. [40] at Berkeley over a wider 
range of energies (0.8 +6.2 GeV). 
They measured the y-intensity (see 
Fig. 5) from both sides of the 


mode of decay. 


— 
oO 


T TT TTT] 


= 
2 


target, i.e. both upstream and down- i. 
stream with respect to the direction 01 
of the proton beam. In the dia- E 
gram, the position of the target is [ i 
centred at d = 0. The prominent OBSERVED y 
peak is due to y’s directly produced mi MER 
or emitted by directly produced T's. pats 
The two tails have been interpreted is 
as due to K®., and A+ decays (see pe Fis | He 
Sect. 42). For primary protons — / \ ES ; SI 
having energies within the quoted \ i 
range, A®s or heavier products TARGET A 

. could not be emitted in the up- .0001 > ;, Le PTE SES 


stream direction in the laboratory da 
system. It is significant that the Fig. 5-85. — y-ray intensity produced on 08 
downstream intensity indicates two both sides of the target by 6.5 GeV protons, 


: dei d O I. (See text}. > 
components of different lifetime A NT RE En 2A we ye À, mre 


whilst upstream only one is visible. 
The analysis of this curve indicates that the K°,, particle may be the — 
source of radiation responsible for the component with the shorter life, while |. 
the longer lived one is consistent with the A° particle (compare Sect. 41.4). 
The above evidence, however strong, is circumstantial. Decisive and in- 
dependent evidence has been recently obtained by SCHWARTZ et al. [35] ino 
the experiment to which reference has already been made in connection with | 
the determination of the K?, mean life (see Sect. 34.5). They start from the 
assumption that production of K° particles takes place only in association 
with another heavy unstable particle as predicted by theory and con S 
firmed by experience. Whenever an unaccompanied A° is observed they x 
assume that a K° has also been produced in the same parent interaction. — 


If the momentum of the A° can be determined and the production can be pro 


= 
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ved to have originated from a reaction 
m+p—>A°+ K°*, 


then the momentum of the K° is univocally determined and the K° can be 
searched for. In 6 of the cases in which an unaccompanied A° was observed, 
an electron pair was seen in the picture whose line of flight intersected that 
of the unseen K° (determined as indicated above): in another case two y’s 
are seen, both satisfying this rule. Two of these cases are reproduced in Fig. 6 
and 7. The probability of a chance coincidence is estimated by SCHWARZ et al.: 
they found that not more than one of the 8 pairs could be accidentally in the 
_ right direction with the right energy. 
| This is a strong evidence in favour of a neutral mode of decay of the K° 
_ but it does not tell us yet either the decay mode or its relative frequency of 
occurrence. To this purpose the same authors examined the energy distri- 
_ bution of the observed y’s (Fig. 8). Decays such as K® — 2y or K® > x+y 
«could be rejected immediately since the first would produce y’s n a 


iad 


ce : 
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Fig. 7-3°5. — Additional example interpreted as an evidence forthe neutral decay of a K® 
into xs. See caption under Fig. 6. (Courtesy of Prof. J. SPEINBERGER). 
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r 0 a 
mode K_. could be calculated from the observed number of y’s. It was found 


j= RE) _ 0.14 + 0.06 

= R(K%,) ==20} SEIVIVOR 

R(K°,) indicating here the total number of both the (> ++) and (> r°+7°) À 
modes. 


3°6. — Three body decays. 


In Sect. 3°2 we have already mentioned the possible existence of K° decay 
different from the K°, or K%,. We may add here that a large number of K° 
events not interpretable in terms of the K},-mode (henceforth called « ano- 
malous ») were observed in various laboratories; in fact about 10% of the 
cosmic ray K°-decays was «anomalous » (Sect. 3°7). i 

Interest in such «anomalous » cases increased in view of a theory by Gell- 
Mann and Pais (Chapter 14) which predicted in fact the existence of two K° 
components having different lifetime: the longer-lived K°’s (called in the follow- 


ing K°) should decay, according to the theory, exclusively by anomalous mo- 14 240 
des: the short lived component (K°) should decay predominantly by the ce 
K°,-K°,, modes and, only in a very small fraction, by «anomalous » modes. dr 


3'6.1. Existence of a long lived, component. — To decide this, issue LANDÉ 
et al. [18] exposed their 36 in. magnet cloud chamber to the neutral radiation 
produced by the 3 GeV proton beam A | an 
of the Brookhaven accelerator at EX CONCRETE Hal ti 
a convenient distance from the tar- ne 
get to avoid K°, or A°. The exper- 
imental arrangement is indicated in 
Fig. 1. Secondary particles created 
in a copper target and emitted in- 
side a narrow cone at 68° to the 
beam direction were selected by 
means of a thick Pb collimator. A COPPER 
4-10° gauss magnet deflected the FAN 
charged particles through à sufficient 
angle to prevent them from reaching 
the cloud chamber which was placed 
on the path of the neutral ones 6 m 


from the target. . vi à 

na ad sufficienti. to Fig. 1-36. — Experimental arrangement | 
1 UNA Co Ai 4 employed by LANDÉ ei al. [18] for revealing one 
ensure that practically no particle | K® decays. wee 
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P. 


f 
i 
| 
} 


540 C. FRANZINETTI and G. MORPURGO 


with a mean life around 10-!° s—produced by the Cosmotron—would reach 
the chamber. 

The results of the observations was in line with predictions. In 1200 pic- 
tures 23 V° events were observed, none of which could be interpreted as a 
K°, (or a A°). None of the secondaries, in fact, could be a proton and all but 
three were certainly lighter than K-particles. All but one were « non-coplanar » 
with the line of flight of the neutral beam: moreover, a decay mode of the 
type A° > (E) + e? + neutron could be excluded. 

The lifetime of these events could only be estimated within distant limits: 
TO ET M0 ES 

The identification of the various decay modes will be discussed in the next 
paragraph. Here we would like to mention another result pertinent to the 
question of the lifetime only. 

Reference has been already made in Sect. 3°4.5 to the bubble chamber 
experiment of ScHWARTZ et al. [35]. We add here that only in 40% of the 
cases the production of a A° by a x colliding in the propane bubble chamber 
was seen to be accompanied by a K° decaying into charged particles inside 
the chamber. This 40% becomes (49-+7.5)% when one corrects for losses of 
events in examining the photograms and for the estimated number K°., decays 
(Sect. 3°5). This figure shows that if associated production is always true, 
(51+7.5)% of the K° produced in association with the A° are missing. It is 
plausible to regard this fact as a strong evidence of long lived K° (compare 
also Sect. 173). Combining the results of [35] with those of [19] it is now 


possible to bracket the mean life of the K° between the values 3-10-°+10~7 s. | 


3°6.2. The modes of decay of the long lived component. 


| i) The K%, > x*4+e* +y mode. - Prior to the work of LANDE et al. [18, 19] | 


the existence of this mode had been proved by a number of observations due 


; he to CowAN [15], HARMON [17], Brock et al. [14], D'ANDLAU et al. [16]. Their 
|» evidence is based on six events, listed in Table I. In 100 K} decays, re 
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pair. As for the nature of the neutral particle, evidence that it probably has 
a negligible mass came from the transverse momentum distribution (see Igt 2). 
All the 300 secondaries are plotted in the same graph—the momenta of the 
neutral products being 

determined by the 50 
knowledge of those of 

the charged ones and > 
of the primary K° line 
of motion. The distri- 
bution is extended up 30 
to about 230 MeV. If 

one restricts the ana- 20 


= 


250 30 
MeV/c 


NUMBER OF EVENTS 


lysis to consider only 


o 
nau 


those modes of decay 


which are known to 
have a corresponding ; > EM | bp | 200 | 250 
counterpart among the 

charged K’s, the mo- 
menta above 190 MeV/c 
can only be due to 


TT Vornpv VOFrey 


Fig. 2-3°6. — Transverse momentum distribution of charged 
and uncharged secondarjes from 100 K-three-body-decays, 
measured by LANDÉ et al. [19]. Arrows indicate the 
the mode indicated maximum momenta for‘ secondaries involved in the 
above. The agreement various decay modes. 


between the expected 

theoretical distribution—as given by statistical factors only —and the exper- 
imentai data is better seen in the inset graph of Fig. 2. Confirming evidence 
for this mode came from a more detailed dynamical analysis of some events 
selected among those having secondaries above 190 MeV/c. 


ii) The K°, >y*+7x*+v mode. — Evidence also for this mode has been 
reported by LANDÉ et al. [19], who identified one (r-u*) pair among the decays 
seen in their chamber. Indirect support was received from the shape of the 
transverse momentum distribution (Fig. 2). 


iii) The K°,—7rt+7 +n" mode. — Of 19 cases consistent with this mode 
one was found for which both charged secondaries could be identified as 
r-mesons. For the remaining 18, LANDÉ et al. were able to show that their 
distribution of the Q* (x, x) (see Sect. 9°2) was in good agreement with that 
deduced from statistical factors only. They concluded that if the other 
modes were responsible for an appreciable proportion of these 18 events, the 
above suggested distribution would have been «enriched » prevalently by 
high Q*’s and this was not the case. 
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3-7. — The « anomalous » events observed in the cosmic radiation. Can they be 
explained in terms of the K°-modes known to exist at present? 


We have already mentioned that — 10% of the K° decays in cosmic ra- 
diation events are clearly inconsistent with the K?, mode. Such « anomalous » 
cases have been reviewed in more than one occasion by different authors [21, 
34, 41]. At present the situation appears to be as follows: 

39 of such events have been reported, 28 observed in cloud chamber (In- 
diana 4 [26], Cal Tech 18 [44], Berkeley 1 [42], Padua-Gôttingen 1 [45], Prin- 
ceton 7 [42], Paris 7 [42]) and 2 in emulsion [12, 13]. 

Although the ‘A of the products is not known with certainty in most 
of the cases observed in cloud chambers, if they are interpreted as 7’s the 
corresponding Q*(x, x)-values are spread over an interval ranging from 6 to 
~ 300 MeV. In a (1/P, «x, p,)-representation the events are scattered over a 
large volume and do not seem to be associated with a single decay surface. 
This suggests that if they are to be interpreted as a homogeneous group they 
are due to a decay mode involving at least three secondaries. 

The distribution of the «’s is found to be almost symmetric with respect 


to x —0, a fact which might indicate approximately equal masses for the 


charged fragments. (See THOMPSON [21]).- However an almost symmetric 
distribution can be due to asymmetric decays when: 


a) The Q’s (and consequently the M’s) of the selected particles are much 
larger than the rest mass of the decay products (in this case the apparent 
a* = (mi — m}3)/m*? is always small regardless of the values of mì — m?). 


b) The two fragments have equal chance of being positive or negative. 
The expected distribution of points would be the superimposition of two asym- 
metric distributions symmetrically placed with respect to the origin. Then as 
long as the statistics are poor it would be difficult to analyze it. 


Since little information is available on the nature of the decay products, 


_an analysis of these events can only be made by comparing them with one, 


‘or more, known or assumed decay scheme. BALLAM et al. [46] (*) considered: 
1) Kiss 2) Kia 3) Kg, and 4) K2, > rt+x-+y+212 MeV suggested by GELL- 
MANN and Pats [43].. 

For each mode the « phase space » energy distribution of the neutral se- 
‘condary (see Sect. 9°2) was calculated and compared with the experimental 


_ data. On the basis of 27 events till then OO they [46] concluded that 


(*) A very illuminating discussion, which the writers had with dr. G. T. REYNOLDS 
in connection en this problem, is gratefully acknowledged. 
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the «anomalous » events could be due to a mixture of all those schemes. In 
particular: 


i) some of the events, but not all, may be due to scheme (1) (*). In 
fact only 15 of them are kinematically consistent with it; moreover the energy 
distribution obtained from these events indicates that not even all the 15 cases 
are likely to be due to (1); 


li) alarge fraction of the 27 events is consistent with scheme (2) and (4). 
(2) seems less likely for particles of spin zero. With regard to (4) the expected 
distribution of Q*(z, u), based on statistical factors only, is not inconsistent 
with the experimental one; 


iii) also (3) is acceptable and probably is responsible for most of them. 
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CHAPTER 4. 


The A° Particles. 


Reference has been made in Sect. 31 to a number of experiments which 
indicated the existence of two types of neutral V’s. We shall examine now 
those V° decaying into a positive fragment of protonie mass and a negative 
lighter fragment. We may anticipate the result of the ensuing analysis by 
saying that the existence is now well established of a neutral particle designated 
as A° which decays according to the scheme 


y 
A® > p +2- 4+ (36.9 + 0.2) MeV. 
Recently, evidence has been reported for the alternative mode of decay: 


An+r+0, 


where Q is to be expected to be (40 © 0.2) MeV. The existence of other 
modes of decay is not excluded. However, there are clear indications that, 
if they exist, they are much less frequent than those known (2063 [1]). 


4-1. — The A°--p+ x mode. 


41.1. Summary of evidence on the nature of the charged A° decay products. — 
The first convincing indications for a A° was presented by the Manchester 
group [2] (*) in the experiment already discussed in Sect. 3°1. 

Almost contemporaneously THOMPSON et al. [4] observed two Vs in which 
the masses of both particles could be determined and found to be close to 


(*) A similar suggestion had been made earlier by HOPPER and BISWAS [3] on the 
basis of a forked track observed in an emulsion. The identity of the tracks was esta- 
blished but they could not exelude that the event was due to a nuclear disintegration, 
produced by a neutron, in which only two visible particles were emitted. 
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and to that of a light meson—for the 


that of a proton—for the positive 
negative one. Similar findings were reported by LEIGHTON et al. [5], ARMENTEROS 
et al. [6]; additional evidence was subsequently obtained in [7-12]. The main 
points of this evidence can be summarized as follows: 


1) The heavy positive fragment was found to possess, in the majority 
of the cases which permitted a direct measurement, a mass very close to that 
of the proton. No evidence of its instability was found: on the contrary an 
event was reported [10] consisting of a V° whose heavy product stopped in 
the gas of the chamber without producing any visible disintegration. 


2) Amongst the negative fragments only z-mesons could be identified. 
COURANT (as quoted by BRIDGE et al. [11]) measured the interaction mean 
free path of the secondaries from V°-decays (containing both neutral hyperons 
and neutral K’s) and obtained a value close to the geometric mean free path, 
thus proving that u-mesons could not be present in a large proportion amongst 
them. No definite case of negative secondary of protonic mass was reported. 


3) Extensive mass measurements on secondaries mainly of A®”s were 
made by LEIGHTON et al. [7] and their results are shown in Fig. 1. They 
clearly indicated the presence of 7-me- 
sons and protons. Although the shape 

CI POSITIVE PARTICLES(34 CASES) F 
NEGATIVE PARTICLES(23 CASES) of these curves may well be explained 
as due to experimental errors in mo- 
mentum measurements, the presence. 
of particles other than 7 and p could 

not be excluded. 

Subsequently a number of observ- 
ations on A°’s in emulsion were re- 


Vy 
Y YY; ported [13-20]. The results obtained by 
A J 22 è 
200 500 1000 2000 3000 this method are, under many aspects, 
vip complementary to those obtained in 
Fig. 1-4°1. — Distribution of the values cloud chamber experiments. 
n the masses of positive and negative Nuclear emulsions allow mass measu- 
0 SS us by LEIGH- —rements on individual tracks far more 
; precise than those obtained in cloud 
chambers. On the other hand the magne- 
tic field is in Eri of little avail in connection with emulsion work and so the 


sign of the particles can only be deduced by studying their interaction properties. 


ta when at rest, whenever this is possible. The origin of a A° can seldom be traced 


since A°’s live sufficiently long to travel several centimetre. This means, 
of course, that the line of flight of the V®s observed can only be determined. 
on the basis of momentum measurements on the secondaries. Finally, an extre- 


mely large number of two-branch. stars is present in emulsions exposed to high 4 


\ 


Pat n 
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“I 


energy radiation, which can simulate very well a A° decay. Thus, care has 
to be taken in selecting the events and undoubtely an element of uncertitude 
exists, especially if new types of events are to be investigated. 

The existence of the A° was nevertheless confirmed by 


1) direct mass estimates on the secondaries of a number of two branch 
stars, by the scattering and grain counting method; 


2) observations on the terminal part of the tracks produced by them, 


which showed that the fragment of protonic mass was stable and the light 
one was interacting strongly with matter. Cases in which both fragments. 
stopped in the emulsion were reported [19]. 


41.2. Evidence for a two-body decay. — Proof that the spontaneous dis- 
integrations of the neutral particles discussed above, do not involve any neutral 
secondary, has been obtained as for the K° in two indipendent ways: i) by 
showing that the plane of the secondaries contains the origin of the primary 
unstable particle, whenever this can be individuated; ii) by showing that. 
the energy release associated with the charged. particles is the same for all 
the events or at least that the individual Q-values are grouped around a single 
value. 6 ; 

It has also been shown that: iii) if a neutfal particle is emitted, this 
must be one which does not decay into «visible» particles nor interact 
« visibly » with matter. Let us examine the evidence for the above points: 


i) BRUECKNER and THOMPSON [21] have calculated (in an approximate way), 
the probability distribution of the angle 6, defined as the angle between the 
plane containing the two charged secondaries and the direction of motion of 
the neutral primary, for three body decays of a neutral hyperon according: 
to the schemes: 


(I) NES Dae as 
(II) Vo—p+r +. 


It was also assumed that the energy distribution amongst the products. 
was determined by statistical factors only and that the primary V° was suf- 
ficiently fast so that its velocity and direction were approximately those of 
the proton. They obtained for these processes the curves reproduced in Fig. 2.. 
The abscissa is measured in terms of the quantity yfò where yf is the reduced. 
momentum of the primary Vo. pô is approximately proportional to the trans- 
verse component of the momentum of the neutral secondary. The @-values. 
selected for the two schemes were such as to give an apparent Q* (see Sect. 9°2} 
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consistent with the experiments, supposing that the events of te htype (I) 
or (II) were erroneously interpreted as two body decays. 
The graph shown in Fig. 2 clearly indicates that, even when the neutral 


VO +p+ + y +130 MeV 


44 


V°—e p++ Tr 2.70 MeV 


y 5 DEGREES 


Relative number of V° decays 


Fig. 2-41. — The « uncoplanarity » to be ex- 

pected for two assumed V° decay schemes 

calculated by BRUECKNER and THompson [21]. 

y is the reduced momentum of the parent 

V° and 6 is the angle between the plane of 

aa charged secondary prongs and the line 
of motion of the V°. 


secondary is as massive as a 7°, 
the « uncoplanarity » to be expected 
is not very large: 4 — 5 degrees on 
the average. 

Experimental errors in angular 
determinations are not much smal- 
ler in general, and only very pre- 
cise measurements have to be con- 
sidered to draw any conclusion. 
In Fig. 3 (a), (6) the yfò-distri- 
bution obtained by BRIDGE et al.[11] 
is shown, together with Brueckner 
and Thompson’s theoretical curves 
corresponding to the schemes (I) 
and (II) (*). In computing the 
vPò-values plotted in Fig. 3a, each 
event was assumed to be due to à 


two body decay and the transverse momentum of the proton—which the 


+ the meson. For three body decays, one 
should reckon the momentum of the hy- 


pothetical neutral secondary, but as long 


as this is not heavier than a 7°, its contri- 
bution to the determination of yB0 is on the 
| average small and can be neglected without 


ee n | serious consequences. For Fig. 3b, it was 
È | assumed that the protons had the max- 
“aa momentum re with the — 


Authors could not estimate with high precision—was taken as su. to that of 


ny 
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that in either case ((a) or (b)) the experimental distribution is definitely 
sharper than expected for a 3-body decay. Analogous results were obtained 
by GUPTA et al. [22]. 


ii) Under the same assumptions 
BRUECKNER and THOMPSON calculated 
also the Q*-distribution, intended as the 
distribution of the Q-values which one 


Vo p+7r+7x° +70 MeV 
hou 


would obtain interpreting as two-body 
decays events of type (I) or (II) (*) 
(Fig. 4). The comparison with the ex- 


V°-=p+7t+ v+130 MeV 


periments meets here with the same sort 
of difficulty mentioned in connection 


RELATIVE NUMBER OF V° DECAYS 


with the coplanarity check, in view of 
| 0 10 20 30 40 50 60 70 80 90 100 10 120 130 
the errors in the determination of the MeV 
Vs which sometimes are as large as Fig. 4-41. - Q*(p, n) distributions for 
+ 20 MeV. Furthermore, should a num- the two processes indicated in the 
ber of discrete Q-values exist, associated graph, calculated by BRUECKNER and 
with the same secondary particles and _ THOMPSON (see text). 
separated by a difference not much 
larger than the individual errors, then the e&kperimental results may well 
simulate a continuous distribution. In this respect-the possibilities in ‘emulsion 
work are more ample since the de- 
termination of the energy of the two 
secondaries can be made with a pre- 
cision of less than a few MeV. 
Cloud chamber evidence for the 
existence of a unique Q-value in the 
region between 34 and 42 MeV was 
conclusively obtained by THOMPSON 
et al. [23], BRIDGE et al. [11], ARMEN- 
5. TEROS et al. [2], VAN Lint et al. [24] 
(see Fig. 5), BLUMENFELD et al. [25]. 
Their observations include a total 
of more than 100 events. 
Emulsion observations have been 
RI IE ENT ea reported by various people, as quoted 
Fig. 5-41. — Q-distribution obtained by tà paragraph 41.1. The Q distrib- 


Van Lint et al. [24] for 19 events. The I ae ? 
normalized Gaussian curve corresponds ution relative to fifty events repor 


to a probable error of + 2.5 MeV. ted at the Padua Conference 1954 [26] 


UnA 
=— 34.7 MeV 


10 


Q (MeV) 


(*) See footnote (*) at pag. 80. 
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is shown in Fig. 6: it clearly indicates the existence of a prominent peak on 
a background of events scattered from 0 to 130 MeV, most probably due to 


neutron induced 2-prong stars. 


Aart Vm. 2 


50 


1event las] in stipped emulsion 


(777A in ordinary emulsion 


60 


70 


80 


90 100 110 120 130 140 


Fig. 6-41. - Q-distribution for 50 (p, r-)-pairs identified in emulsion [26]. 


iii) Search for direct evidence of a neutral particle emitted in the decay 
has been carried out by ARMENTEROS et al. [6], DEUTSCHMANN [27], FRETTER 


et al. [8], BRIDGE et al. [11]. 


In cloud chambers containing lead plates the 


presence of y-rays or r°’s can be revealed through the electronic showers asso- 
ciated with the observed decays. 


100 
80 
60 
40 


20 


+05 0.6 07 _ 08 


No such event has in fact been observed. 


In conclusion, all available 
evidence indicates the exist- 
ence of a neutral hyperon 
decaying into a proton and a 
m only. The existence of other 
modes of decay of the same 
hyperon, associated with the 
emission of two charged par- 
ticles—at present—cannot be 
excluded. Recent bubble cham- 


Fig. 7-41, — Thompson’s Q-plot 
of FRIEDLANDER et al.’s [19] data . 
on A° [30]. The distribution of 
the events on the ellipse is noti- 
ceably different from that of © 
the cloud chamber observations. 


THOMPSON (I. cit., page 293) suggested that a strong bias against small ¢’s was intro- 
duced by the method of selection based on scanning for x- stars. 
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ABLE 1-41. 


Ref. 


Source of 
radiation 


| 
| Type of 
detector 


Selection criterion 


Cosmic rays 


Mag. Cl. Ch. | 


Decays associated with a heavily 
ionizing proton-like fragment. 


Cosmotron 
(Brook- 
haven) 


| Decays identified on the basis of 


the @-values. 


| Decays whose positive secondary 


had an ionization twice minimum. 
Selection was made on the basis 
of @ as determined by momenta 
and angles. 


Cosmic rays | 


Multipl. 
LCL Ch. 


Decays in which one of the prongs 
had x-mesonic mass and the other 
was definitely heavier than a z-me- 
son. Mass estimates were based 
on ionization and residual range 
measurements. 


37 (most 
probable 
value) 


[29] 


Mag. Cl. Ch. 


Decays whose positive secondaries 
were identified as protons by mo- 
mentum and droplet counting 
measurements. 


35.9-+1 


[7] 


Decays in which mass estimates, 
based on momentum and ioniz- 
ation measurements yielded for 
the secondaries m > 700 m,. 
Only Q < 50 MeV were selected. 


35 +3 


[30, 23] 


Decays identified by comparison 
with calculated @-curves in 
a a-p,-diagram. All selected 
events satisfied the condition 
6Q <7 MeV, 6Q being the expe- 
rimental error in 4. 


SI sei! 


[24] 


Decays associated with a heavily 
ionizing positive secondary whose 
mass was consistent with the 
proton mass and for which the 
probable error in Q was less than 
+ 5 MeV. 1 


34.7+1 


[19] 


Emulsion 


Two prong stars whose secondaries 
were identified as a = and a 
proton respectively. The value 
of Q was calculated on 10 events 
whose measured @ resulted bet- 
ween 34 and 40 MeV. 


36.9 +0.2 


552 C. FRANZINETTI and G. MORPURGO 


ber experiments [1] indicate however that if they exist their relative abun- 
dance is less than ~ 2% with respect to the (p, =~) mode. 


41.3. The mass and the Q-values of the A°. — In Table I a series of measu- 
rements of Q-values for the A° + p +z~ mode is reported. 

A weighted average, based on those associated with the smallest error [24, 
25, 28-30], yields, for the cloud chamber data, a Q-value of 


Qa on (35 2 eT) Mev 
and consequently a mass of 
M = (22794 = 25) Wigs 


Very precise measurements in emulsion work have been performed by FRIED- 
LANDER et al. [19]. The result which is quoted in Table I, was obtained on a 
number of cases selected for having their Q between 34 and 40 MeV. The 
average ( on these events was found to be 


Qu = (36.9 + 0.2) MeV, 
where the error is only statistical. Accordingly we get 
Myo = (2181 i 1) m,. 
FETI lijecolotha Ak © (het ten ane 


7 È) 7 Dern of Die mean life of As are the same as those used for the K°,’s 
Dae si _ Technical details concerning Tie 


i FA ar : È 
By ae van Ca. n ga, — type of measurements have | been | 


Se already in Subsect. “4, 
the 


pa i eis, 


-9 
« 


Qt 
DI 
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obtained t, = (1.6 + 0.5)-10-!° s for Q > 50 MeV and 7, = (2.9 + 0.8)-1071° 8 
for Q<50 MeV whilst, from all of them tr = (2.5 + 0.7):10-%s8. They con- 
cluded that the difference ty — 7, was not significant. BRIDGE et al. [11] 
considered only slow events identified as A° by the fact that one of the 
products had a mesonie mass and the other was heavier than az and obtained 
t — (3.5 +1.2)-10-1° s. PAGE and NEWTH[32] selected 26 events for which the 
ratio p,/p- between the measured momenta 
of the secondaries was equal or larger 
than 3. Also the measured quantities 
p., p- and ionization had to be consistent 
with each event being a A°-decay. How- \ 
ever in most cases only a lower limit for k T e077 20 1078) s 
p. could be given and the determination i 
of P was then based on the assumption i 
that the event was due to a A°; this 
procedure may have introduced some 
unwanted K®s amongst the events con- 
sidered. In Fig. 8 the (x-1/P)-distribution 
of the events is reproduced. From that 
expected for K°-decays and from the ob- 
served number of K®s associated with 
values of x<— 0.5 (a region which is 1 
forbidden to As) it is possible to esti- Fig M Le 
mate the contamination of K®s. These opserved by Scuwarrz et al. [1] in 
Authors reckon that ~ 3 K®s were intro- a bubble chamber experiment. It 
duced in their sample, i.e. — 12% and con- is based on 304 events. 
clude that their results cannot be seriously 
distorted. The same method of selection was also used by PAGE [33]. 
ALVAREZ et al. [40] analyzed the decay distribution of A® produced in a 
hydrogen bubble chamber by slow K° interacting with protons. The exper- 
iments by GAYTHER [34], GUPTA et al. [22], BALLARIO et al. [35], BLUMENFELD 
et al. [25], ScHwARTZ et al. [1] have already been discussed in Subsect. 3°4.5. 
Of all those listed in Table II the result of ScawanTz et al. [1] has the 
greatest statistical weight. They find 


0 2 4 6 8 0er? 14 16 


tie (2.802) 10078 
The weighted average calculated in all the others listed in Table II is 
ts = (8.455110 8; 2 


' 


| a value higher than that of [1] but not inconsistent with it. All values of ‘ ' n 
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Table II combined give a best value of 
Taw (3.05 4 0.15) 102%: 


Tape II-41. — A°-mean life measurements. 


Source er Mean life 
Reference of Detector observed 10-10 g 

radiation events 
[31] Cosm. rad. Magnet Cl. Chamb. 63 2.5. 40.7 
[35] » Multiplate > 25 IAA 
[25] Cosmotron Magnet > 65 Ds de 
DA] Cosm. rad. Multiplate » 21 3.5 +1.2 
[36] » > > Da der 
[34] » » » 21 40: a 
[22] » » » 52 LA dis 
[33] > Magnet » 23 SE Set ; 
[32] » > » 26 STE j 
[40] . Bevatron » H-Bubble Chamb. 25 3.25 40.6 di 
[1] | Cosmotron » CyHg-Buble Chamb. 304 2.8 +0.2 à 


42. - The A° >n-+ 7° mode. The branching ratio f,= R(A°+n+7n°)/R(A°). 


Reference has been already made (Sect. 3°5) to a number of experiments 
ot for the detection of y-rays arising from the neutral decay of heavy unstable — 
da Js Bertier [37-39, 1]. For the anne three [37-39] the interpretation involves — 

ed a number of assumptions re- — 
garding the angular and e- © 
nergy distribution of the un- — 
stable particles, supposed to 
be responsible for the observed $ 


a ——— SPECTRUM OF» NTN 


seni 


x > 


AN INTRODUCTION TO THE PHYSICS OF THE NEW PARTICLES 


the A° undergoing subsequently a neutral decay leading to the emission 
of Y's. 

The number of the observed «associated pairs » reported by [1] is five. 
Their energy distribution (see Fig. 1) is obviously inconsistent with a decay 
scheme such as A° ->n +y which would produce monoenergetic y’s of 
165 MeV. A scheme A° — n + 7° would produce a flat distribution from 32 
to 134 MeV which is not inconsistent with the data. 

From the number of associated y’s and of the charged A°-decays ob- 
served in the chamber, one can deduce (see Sect. 3°5) the branching ratio 
f=R(A°>n+7x°)/R(A°) for the relative frequency of occurrence of A° 
neutral decays. Alternatively, from the number of observed Ks unaccom- 
panied by a A° and from the knowledge of the A°-lifetime, the same ratio can 
be independently estimated. 

Combining the two results the value 


f = 0.32 + 0.05 


was found. 
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CHAPTER 5. 


The X*-particles. 


5'1. — The decay modes of the charged »’s 


The first example of charged hyperons was found and analysed by the 
Genoa and Milan groups [1]. A microphotograph of its terminal section is 
reproduced in Fig. 1. Measurements on the grain density variation and on 
the scattering indicated that the particle responsible for track J was moving 
as indicated by the arrow. The end of this track is associated with a lightly 
ionized track interpreted as due to a fast particle emitted from the point 
where track J ends. 

Direct measurement on the 15mm long J SR yielded for the mass a 

. value of (2500+ 345) m, thus excluding the possibility of a Kt-decay. Little 
information could be obtained from the secondary light track which could 
not be followed through the adjacent emulsions. 

The information obtainable from the observed event, although scarce, 
allowed the discoverers to say that it was most probably due to the decay 
of an unstable particle of hyperprotonic mass. Subsequent observations [ 2-4} 
provided further support for this view and allowed the nature of the secondary 
particles to be established, identifying them as x-mesons always associated 
with the same energy. Furthermore, an event was found by the Milan group [5], 
which was interpreted as due to a particle of mass (2300 + 800) m, decaying 
into a charged secondary having a residual range of 1670 um in emulsion. 
By scattering and grain density measurements its mass was found to be 
(2030-4500) m,. Since it did not show any decay product at the end of its “Sadie 
range, it was assumed to be a proton of energy (18.7-+0.18) MeV. In support 
of this evidence two similar events were subsequently found, one in Rome[6| 
and the other in Padua [7], definitely proving the existence of the decay into 
a proton and a single neutral particle. 

The nature of the latter could not be established ete although on 
the basis of momentum and energy considerations, it could be deduced that 


| most probably it was a 7°. 
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The similarity of the mass and Q values obtained for either type of events, 
strongly suggested that either mode was indeed due to the same type of 
particle which could decay according to either of the following schemes (if 


positive) 


Dt ser 
— T° + p 

and 
x Dr +n 


if negative. 

In the cases reported above, the sign of the charge could be established 
with certainty only for the protonic decays. X’s of both signs were observed 
by FOWLER et al. [8] who used a diffusion cloud chamber to analyze the inter- 
actions produced by x of — 3 GeV at Brookhaven laboratory. Fig. 2 shows 
an event interpreted as the simultaneous creation of a X7(>x-+n) (track a) 
and K+ (the latter escaping before decaying). Additional evidence was given 
by the Turin group [9] who found a hyperon deeaying in flight into a x which 
stopped in the emulsion and interacted with a nucleus. 

The large number of events since accumulated have beautifully confirmed 
these early evidences. 


5:2. — The branching ratio fy+ = R(X++> p + 79)/R(X+->nt+ n). 


All available data indicate that the ratio fy; is close to unity. Fry 
et al. [10] find f = 26/22 = 1.18 and BARKAS et al. [11] f = 13/13. 


5*3. — The masses and the Q-values of the charged Y's. 


Owing to their short lifetime (see Sect. 54) Y particles cannot travel too 
far from their point of creation. In general observations on them are limited 
only to those which are created inside (or very close to) the sensitive medium 
in which they are detected. Consequently determinations based on magnetic 
analysis and range measurements as those described in connection with K- 
particles are in this case very difficult and have not been performed. 

With emulsions the following methods have been used: 


a) Simultaneous measurements of two of the following parameters: 
scattering, ionization, residual range. 


b) Total release of energy associated with the disintegration of the Ds 
decaying at rest. 
x 
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Fig. 2-51. — Simulta- 
neous creation of a K* 
and a & by a 3 GeV x- 
in a diffusion chamber. 
(After FowLER et al.[8]). 
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€) Energy balance in K~ absorption by protons leading to the emission 
of a charged X and of a x of opposite sign, according to the scheme 


K-+p>Xt + n3 


Method a) is by far the less precise. In very favourable conditions (i.e. a 
flat track, absence of distortion, even development) a value of the mass can 
be obtained with a precision of + 5%. In general such a precision is not 
attained and the majority of the results published so far are associated with 
an error of about 10% or more. 


For method b) the precision depends, practically, only upon the deter- 
mination of the energy of the secondary charged particle. The most favourable 
case is obviously that of the decay of a X into a proton and a neutral 7°. The 
range of the proton being less than 2 mm ((1669.4 + 8) um [12]) it will fluc- 
tuate around the mean value with a root mean square deviation of — 2% 


which corresponds to an uncertainty in energy of — 1% on individual events. 
This can easily be reduced to a negligible amount by averaging on a number 


of events. However, account is to be taken of other systematic sources of ee 
errors such as uncertainty in the range-energy relation and in the density of | 

the emulsion. Averaging over ten events Fry et al. [12] are able to give the si Pp 
Q of the disintegration (see Table I) with a, precision of ~ 0.4%, from he 
which the mass of the X* is calculated to 0.04 op. Y”°s interact strongly with poet 


matter and when brought to rest they are captured before they decay. The 
same method could however be applied to XY —7-+n decays in flight: the 
determination of the Q then requires the knowledge of the primary velocity 
at decay which—in general—involves large errors (for example for an event 
associated with a fs — 0.3, 35Q/Q — 0.2. The error obviously increases with 
increasing fx). It may be possible sometimes, to deduce f, from the dyna- 
mical analysis of the primary interaction, whenever the latter can be precisely 
individuated. 

Through method c) the mass of the X~ can be directly deduced from the 
direct comparison of the ranges of X*’s and Y's ejected in the reactions: 


(i) K_+p—=2 +rt +Q ,7 
(ii) K+p>2t+n+0%. E 


Useful information is now beginning to come from bubble chamber exper- 
| iments. STEINBERGER [13] (see also [14]) has reported the determination of 
| the Q of a 27 > n-+n decay in flight observed in a propane bubble chamber. 
The & was produced by a 1.3 GeV 7 in a reaction 
CREA | one à 
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The x-, ejected in the subsequent decay of the 27, stopped in the chamber, 
so that its energy was deduced with high precision from its range. 

A summary of the latest mass values is given in Table I. Of the mass values 
listed here, the last [16] is computed on a number of events found at Berkeley 
plus others found by the Wisconsin group [15]. 


TABLE I-5°3. — Y*-mass determinations. 


Ref. Detector Method Mass (m,) 


CI2I Emuls. from 2' >p+794+9; Ms+ = 2327: +1 
Q = (116.08+0.47) MeV 


[14, 13] | Bub. Ch. | from Z_—n+7 +0 (in flight); Ms- = 2343. +5.2 
Q= (116 + 2.6) MeV 


[17] Emuls. from i) - ii) (see text); Ms-= 2341 +6 
My-— My+= (14 +6) m, 


[15] ) from i) - ii) (see text); Ms- = 2342.9 43.2 
Ms-— Ms+ = (15.9 +2.9) TOS 


A 


[16] » | from i)-ii) (see text); My- = 2341.7 +1.8 


Average | My- = 2342.06+1.5 


if 54. - The mean lives of the charged a's, 


There is a good deal of evidence that the mean life of Ls and Es differ 
| from one another (see Table I). The latest, very precise, results obtained by 
the bubble chamber group at Berkeley [18] indicate that the negative X live. 
about twice as O the positive VT, Their mean lives were ae 


TRY pn DI one = 
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and (0.960,51) -10-!° s for identified E+ — p+ 7°, all ejected in K~-interactions 
in emulsion. Every non minimum track from them was followed to the end 
of its range thus selecting—as far as one can see—-an unbiassed sample of 
events. FRY et al. estimated that the probability that the difference be only 
a statistical fluctuation is <1%. In either case their procedure was based 
on the application of the maximum likelihood method (see Sect. 93). Con- 
sidering the great interest which is associated with the precise knowledge of 
the decay rates, more work will be required to clarify this point. 


TABLE I-5°4. — Charged X mean life determinations. 


Ref. | Primary rad.| Detector Method (*) eo (O23) 
y+ 
[19] | Cosm. Rays | Emulsion ML and RT methods; taking | 0.5<T<3 
X-decaying in flight and from 
rest. 
[20] » fasi ML method - Decays in flight | 0.56% 
only. ’ 
p21) » » ML method - Decays in flight | 0.35°03? 
; only. #. So 
[10] | K= abs. » ML method - Pocagai in flight. 0.222 


only. — Pe 


Hbubble Ch. | x* decaying in fight. [0.864017 | 


Emulsion | ML method - 2*>p+n° in 0.965837 
| flight and at rest. . 
| ML method - 2* +n*+n and | Cos 
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CHAPTER 6. 


The °-particle. 


According to the theory of Gell-Mann and Nishijima (see Ch. 11) a 
unit isotopic spin should be assigned to the Z particles. This implies that a 
neutral © exists. It was noted that such a particle would decay very rapidly 
according to the scheme £° + A°++ since the latter reaction does not 
violate the conservation of the strangeness (Sect. 11°6). 

Both decay products being neutral and the mean life of the &° being so 
short, such a decay can be proved to have occurred only in those exceptional 
cases in which the parent interaction is observed together with the visible 
decay of the A° and the materialization of the # into an electron pair and, 
at the same time, a detailed dynamical analysis of events can be cafried out 
to exclude other explanations. 

Already early indications obtained by FOWLER et al. [1] and WALKER [2] 
consistently favoured the existence of such a particle, although they were 
not clear cut proof. 

FowLER et al.’s evidence will be reported in Sect. 172 being more per- 
tinent to the question of the associated production. 

The event, observed by WALKER [2] in a hydrogen diffusion cloud chamber, 
lent itself to a rather complete analysis. The disappearance of à 1:L Ge 
x- track was seen in a picture in which also a A° and a K° were identified. 
Measurements on the individual momenta of the charged products of 
latter particles, permitted the Author to establish their direction of motion 
which was found to pass through the point in which the x” track disappeared, 
but indicated, at the same time that the lines of flight of the three particles 
were not coplanar. Assuming the primary interaction to be — 


(i n+ p> 2° +K° 


and the decay of the Y° to be responsible for the observed momentum un- 
balance and, moreover, knowing the energy of the primary and of the K°, 


the vanished momentum and energy could be calculated. They were found | 
to be (50 +30) MeV/c and (47 + 25) MeV respectively,” consistent with the 


# the independent angular and momentum determinations are € 
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hypothesis that a X° was created.and subsequently decayed as predicted by 
the theory. 

More definite results have been reported by ALVAREZ et al. [3] from 
the study of K~ and Y7 interactions with protons in a hydrogen bubble 
chamber. When a XY is brought to rest in that medium, it is captured by a 
proton and may produce a A° through either of the schemes 


(ii) Sep Asa 


(iii) +p +E4n>A4+y74n, 


nta 


(ii) will produce monochromatic A°’s of 36.9 MeV in energy; (iii) is energe- 


tically possible if M,-> My; if so, it will produce a continuous spectrum 
of As, whose limits depend on the mass difference M,- — My. 
From two cases unconsistent with (ii) and interpretable as (iii) these authors 
deduce 
17< M; — My < 22.7 MeV. 


Decisive evidence for the reaction (i) has been recently obtained by PLANO 


et al. [4]. It is based on three propane-bubble-chamber photographs in which 


the disappearance of an energetic x track is associated with the presence ofa 
a K°, a A° and an electron-positron pair. Two of these events (one of which | 


is shown in Fig. 1) probably resulted from 77 interaction with free protons, and 


| the third with carbon. In the first two the dynamics of the process in. their 
various steps are so precisely defined to allow the determination of more para- | 


meters than needed. If the events are interpreted in terms of scheme 
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Fig. 2-6. — Simultaneous production of a y 


created 


istent only with the assumption that a 2° was 


This event has been found consi 


Ao+y [4]. 


which subsequently decayed into a 


CHAPTER 7. Misti 


The &-particles. 


7:1. - The decay mode of the = -particles (cascade decays). PE 


The first example of an unstable particle decaying into a V° and a light sa n 
meson was reported by the Manchester group fay. In a cloud chamber photo- | : 
graph (Fig. 1) they observed an unstable negative particle decaying in flight a 
into a light meson of momentum (73 + 20) ) MeV/g. In the same photograph > 
a V° cloud be seen, the apex of which was at 1.25 cm from the point of decay si, 
of the other particle. Moreover the line of flight of the V° passed through the 

point at which the decay of the negative particle was seen to occur at least 
within the accuracy allowed by the measurements. eae 

This strongly suggested that the V° was generated in the decay of the 
unstable negative particle. Unfortunately the V° could not be identified as à ‘Ae 
or a K° and therefore the value of the mass of the primary particle was cun- 
certain. Assuming that the We was in fact a A° the Q of the disintegration 
was found to be — 60 MeV and the primary mass (2 500 2 800) m,. This hyp 
thesis was later confirmed by three events si by ANDERSON et al. [2] an 
by the Paris group [3]. : 
LE o the Cd date si sgh eet es have been pee aes negative an 
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72. — The mass of the =. 

ie Lee Details of individual measurements on the 16 events mentioned above are _ 
«|. _ reported in Table I. 

pe È Direct mass measurements on the track of the primary have not been 


tro possible on the events observed in cloud chamber. The mass can be calculated 
from the Q-value when the mode of decay can be established. 


TABLE 1-72. - H masses and Q determinations. 


Direct mass Q 
measurements (MeV) 


Detector Remarks 


Average value from 


Cloud Uh. OLI e 


63 + 9 
67 + 12 
66 + 6 
134, 8 
45 + 16 
63 + 4 
52 + 13 
68+ 7 
67 + 12 
2500 + 900 .| 72 + 28 
2640 + 300 | 71+ 5 
2500 + 500 | 63 + 27 
2200 + 250 59 + 11 
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7:3. — The mean life of the 


[1] 


TRILLING et al. [8] have estimated a lower limit for the = mean life 
on their six cases listed in Table I. They used Bartlett’s statistical method 
(Sect. 9°3) suitably modified to take into account the fact that, in cloud 
chamber observations, a EE is identi- 
fied when the secondary A° is seen to 
decay in the same picture. They ob- 
tain, to a 95% confidence level 


ta 1.810-305ì 


= = 
= 


10 
An upper limit could not beestimated ag (10/5) 
by this method, since the value of 1/7 7? = 
was found to be zero for S — — 0.2 Fig. 2-73. — S(1/t)-plot for six E° de- 


(see Fig. 2). A crude evaluation was cays observed by TRILLING et al. [8]. 
attempted by the same Authors by 
establishing an upper limit for the number of non decaying = going through 
the chamber; they find 

Lele LO Bi, 


An estimate was also made by DAHANAYAKE et al. [11] on the basis of 


. two events found in emulsion and it yielded 


tee an © di 15 
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CHAPTER 8. 


Heavier hyperons. 


EISENBERG [1] has reported one case favouring the existence of hyperons 
heavier than any hitherto observed. A particle (track K,; see Fig. 1) is emitted 
from a 5--11p star (P). After 5.72 mm it suffers a 10° deflection (point A) 
and after an additional range of 24.2 mm (track K,) it produces a disintegra- 

tion (S) leading to the emission 
| | | of 5 ionizing particles which 
Hess carry away a « visible » energy 
WEP of (209 + 4) MeV. 
Careful scattering and ioniza- 
tion measurements indicate that _ 
track K, and track K, could 
not be due to the same particle. 
Track K, was due to a particle 
of mass (840+ 190) m, [2], pre 
sumably a K° interacting at 
the end of Phot with a nue 
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a type of interaction which has been observed by other research workers [3]. 

Eisenberg points out, however, that the energy released in the supposed 

interaction taking place at A is too high to identify Y~ with any of the known 
hyperons. 

Interpreting the event as due to a decay of a new very massive hyperon 
into 2 particles only he gets Q — 5 MeV, a value which does not depend on 

- the assumption regarding the mass of the neutral secondary. 

Also the Wisconsin group [4] has reported on a similar event observed in 

nuclear emulsion. In their case the primary particle was seen to decay from 
| rest ejecting a 42 MeV K-meson; the latter was interpreted to be negative 
since it did not decay into any visible secondary. 

Assuming the primary to be a hyperon, its mass has to be > 2890 m,. 
Unfortunately no direct mass estimate was possible on its 44 um long track 
and no definite conclusion could be reached with regard to its identity: it 

could infact be due to a K-meson or to an «anomalous » hyperfragment (see 
Sect. 21°9) although the latter interpretation seemed unlikely. 

Neither case offers sufficiently safe evidence to be worth discussing. Further 

work is required to clarify the whole question. 
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CHAPTER 9. 


Appendix. 


In the following pages a brief survey is reported of some methods of ana- 
lysis which have been employed in research on unstable particles. It is intended 
to enable a reader, who is unfamiliar with them, to follow the discussion of 
some of the experiments described in the previous chapters. Those who wish 
to obtain a more detailed knowledge of these methods will have to consult 
the original literature. 

Sect. 9°1 deals with the dynamical analysis of two-body decays; in Sect. 9°2 
phase space integrals for K-three body decays are reported and in Sec. 9°3 
Statistical methods of analysis of experimental data are briefly discussed in 
connection with mean life estimates. 


9-1. — Dynamical analysis of two body decays. 


We have seen in Chapters 3 and 4 how rarely individual cloud chamber 
observations of the decay of unstable particles have afforded an unambiguous 
determination of their decay scheme, i.e., of the masses M of the primary 
and m, of the secondaries. This is especially true for cosmic ray particles, 
most of which are observed to decay when fast: consequently most of the 
particles involved produce minimum ionization tracks and their masses cannot 
be determined. Not unfrequently, however, quantities—such as for example 
the momenta P and p; of the primary and secondary particles and the angles ©, 
between any two of them—can be estimated. These are not sufficient to 
identify individually their decay schemes, but this may be possible on the 
basis of a statistical analysis of a number of cases. It can be shown that the 
choice for the values whith, each P, pi, Pi, can assume is limited by mo- 
mentum and energy equations which depend on the decay scheme. Conse- 
quently, from the distributions of the values of P, p; and ®;, as experimentally 
determined for a given group of events, the masses M and m could be deter- 
mined. 
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The purpose of the discussion which follows is to see how this can be done. 
The problem has been treated in detail by THomPson [2] and PODOLANSKI 
and ARMENTEROS [1]; what is reported below is only a summary of their 
results. 

We shall consider two body decays of neutral particles: extension to 
charged ones is—however—immediate. 


91.1. Fundamental formulae and useful parameters. — Suppose that for 
each event the momenta p, and p_ of the secondaries and the angle ® between 
them (see Fig. 1-3°4) have been determined. The application of energy and 
momentum conservation laws shows that the above quantities have to satisfy 
the equation 


(1-91) exe_— pip_ cos ® = }(M?— mi— mi), 


where e, = Vp. +m, is the total energy of either secondary in the labo- 
ratory system. In a (p.p_®)-space this equation represents a surface (the 
« decay surface») (*) and equation (1) tells us that individual events due 
to the same 2-body decay scheme will be represented in this space by points 
placed on this surface. Given a sufficient number of observations, the prob- 
lem to solve becomes that of finding values for M, m,, m- which adjust the 
decay surface to be as close as possible to the experimental determinations. 

Decay surfaces in a (p.p_®)-space are much’ too complicated to be of any 
help in practical applications. The following parameters have been introduced, 
which greatly simplify the task: 

(i) The inverse of the primary momentum aU ae. 


(ii) The Manchester «-parameter, 
(3-91) Œ = ——_— , 


where p:, and p-, are the longitudinal components of the momenta p+ and p- 
of the decay products in the laboratory system (see Fig. 1-3°4). It is easy to 
prove that 


Lp — Pia Pe = pian Din D_ a sin (O55) 


ee pi Pi sin? ® 5. e BERO 


b) 


(*) Decay surfaces are also called « Q-surfaces » where @ is intended to be the 
sum of the kinetic energies of the secondaries in their c.m.-system. Since the conserv- 
ation of energy imposes that 


(2-9°1) M=m;+m +0, 
the value of the Q is uniquely determined by the decay scheme. 


— 
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and that (*) 


2p* E 
(5-91) a=a* + + si cos D*, 
where 
mi — m2 et —e* 
(6-9 1) o sa re =» M ; 


E is the primary total energy and p* the momentum of either secondary in 
the decay center of mass system. It follows that if ®* is isotropically distri- 
buted, the average value of « is equal to «*. 


(iii) The transverse momentum p, (see Fig. 1-3'4) 


ta: 


(7-9'1) Pa = px sin Di = pgm DE p* snes 
(iv) Podolanski-Armenteros parameter e, 


2p, 2 sin ®, sin D_ 
wes) TE sin @ 


(8-9'1) VAS 
In terms of 1/P, «, py equation (1) reads 
ds re PME PTE 
_ (9-91) = asl © a an + 
and in terms of die aio i ee E 


|. (1/P, «) plane. — The inter- 
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91.2. The «decay surface» in the (1/P, x, p,)-space. — Equations (9) and 
(10) each define a family of surfaces respectively in the space (1/P, «, Pr) and 
(1/P, «, e). Let us consider here the former representation. The practical 
problem consists in deter- 


mining from the distribut- 
ion of the experimental 
points the correct values of 
the parameters a*, M, P*; 
from these and equation 
(11) and (12), ms and -m_ 
are immediately deduced. 

In Fig. la, the decay 
surface for the A°’s is shown 
in isometric projection. 

The use of three di- 
mensional representations 
is unpractical for obvious 
reasons: two dimensional 
projections on the (1/P, «) 
plane or in the (x, p,) plane 
are more convenient. 


(i) Projection on the 


sections of the surface with 
planes p,= const are hy- 
perbolae, whose shape is 
visualized in Fig. 1. All 
the points related to the 
corresponding decay mode 
must fall inside the region 


Fig. 1-9°1. — Isometric projections of the A° decay 
defined by the branches of surface: a) in the (1/P, a, py)-space and b) in the 
the limiting hyperbola (1/P, «, e)-space. (From R. W. THompson [2]). 
(p, = 0). (See Fig. 2a). = 

(ii) Projection on the (x, pr) plane. — Intersections with the planes 
1/P = const are ellipses. Their centre has the co-ordinates (x*, 0) and the 
length of the two semi-axes is p* and 2p*/MB respectively. The distribution 
of the points on each ellipse is immediately obtained when the distribution 
in terms of Py is known. It follows from (5) that isotropically distributed events 
tend to crowd the upper segment of each ellipse. From Fig. 1 it can be 
seen that for 1/P sufficiently small the shape of these projections does not — 
change appreciably with P. For practical purposes the limiting ellipse (1/P=0) 
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can be used when P > 


1 GeV. For slower primaries the event can be « trans- 


ferred » to the limiting ellipse, displacing it on the decay surface along the 


(108 ev)7! 
0.3 


| 


Fig. 2-9°1. — Intersections of the A° 
decay surface shown in Fig. la 
with: (a) the (1/P, «)-plane and (b) 
the (pp; ~)-plane. Those for the K?, 

| dr are also pre (dotted lines). 


| plane are confocal i 


intersection with planes p, = const. The 
(x, p)-projection will be displaced. hori- 
zontally from the measured value of « 
to the value a’ = f(a— a*)+a*. 

An example of application of this 
projection to the analysis of V° events 
may be seen in Fig. 3. The separation 
between A° and K?, needs not be stressed. 


It can equally well be seen that for x ~ 0.7 


the interpretation may not be unambi- 
guous. It may be interesting to notice 
that if the quantity 3M(x —«*) is plotted 
instead of «, the ellipses are deformed to 


become circles (*) of radius p*, indipen- 


dent of £, i.e. the surface has become a 
cylinder. In particular the circular pro- 
jection gives a more vivid picture of the 
decay since the circle represents the locus 
of the terminal point of the vector p* 


in the center of mass system (see equa- 4 


tion (5). 


9°1.3. 


not be discussed again since it is identical 


with () (912). | 
Mpa (iii) The NERO (&, €) plane is on the other hand cento i 
a forent. The intersection planes 1/P = const, projected on the (1/P = 0)- 
llipses, man 


The «decay surface» in the 4 
(1/P, «, e)-space. — We now turn to the. 
representation in terms of 1/P, « and «. 
The projection on the (1/P, x) plane needs 


oy =... 


nl 
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ou 
=] 
or 


which has components 


R39 po e+ 7 +210 MeV 
Pi — P_i 
is), = Pi =@ parallel to P, 
and 
2p, | . 
Re = . perpendicular to P. 


0 
la -0.8 -06 -04 -0.2 00 +02 +04 +06 +08 
If in the (x, e)-plane the vector 2p,/P 


is applied to the point S,(x——1,e) —0 
at an angle with respect to the «- 


Fig. 3-91. — (x-p7) plot for V° events. 
The curves are the limiting ellipses for the 
A° and K°, decay processes. Square and 


axis equal to the angle ®,, and  circles represent individual measurements 
the vector 2p_/P on the point on cosmic ray events observed in cloud 
S.(a=+1,e=0) at an angle ©, chamber. (After THOMPSON [2]). 


R is represented by a vector having 

its origin at e = 0, x = 0 and its terminal where the vectors 2p,/P and 
2p-/P intersect. It follows that without any previous knowledge of the in- 
dividual momenta, the values 
of «x and e can be determined 
Sraphically if ®, and ©- are 
known. 

Furthermore PODOLANSKI 
and ARMENTEROS have shown 
that if f, and f, are the di- 
stances between an event À, 
and the foci of the ellipses 
(Fig. 3) the angle D* of emis- 
sion in the centre of mass 
system is given by (*) 


Fig. 4-91. — Projections on the (x,e)-plane of 
iso-P lines of the A° decay surface (full lines). 
The same for K!, decays are also reported 

(dotted lines). 2Qe* 


Jola 


cos D* — 


’ 


(*) When no magnetic field is available the sign of the secondary particles is often 
unknown and two assignments are possible for f, and f,. For K°., this does not involve 
any difficulty since the two secondary masses are equal and the exchange of D, with ®_ 
would only exchange R with its symmetric image with respect to the e-axis, on the 
same ellipse. Thus the only consequences would be the exchange of f, with f, which 
would leave the calculated value of f unchanged and the substitution of D* with x — @* 
which is immaterial. For A° decays it would give different values of f, and f, as the 
A° ellipses are not symmetric with respect to the e-axis. Often however, the choice 
can be made on the basis of ionization measurements or other indications. 
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and the velocity of the primary 


Det 
p = 


fit fs? 


An example of application of the above procedure was described in Sect. 3°4.5. 


9-2. — Three body decays. Momentum and (-distributions. 


When more than two particles are produced in the disintegration process. 


of an unstable particle, conservation laws do not impose single values for the ~ | 


individual parameters p; and e;, and the representations discussed in the pre- 
vious section are of little avail. Momentum and energy distributions are de- 
termined by the properties of the interactions responsible for the decay and 
by the statistical factors giving the density of the final states. 

The formulae reported below give the energy and momentum FN unioni 
for the secondaries ejected in three body decays as determined by statistical 


factors only. 


9°2.1. Momentum distribution. — Let m; (i=1, 2,3) be the mass of the i-th 


decay product, p; its momentum in center of mass system of the primary 


ne particle and e; its total energy in the same system; also let M be the mass ot 


the primary and @ = M — Y m;. The momentum distribution of any of the 


three particles is then given by 
(1-92) fpddp:= 


= const xpi dp; - aq sf dpi dpi dpi À Pi + px) U(M — Le e, - — DE pi 


or du and à Da represent pee well known delta and sep factions. n a4 


PPT ae PAP 
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9°2.2. The Q*-distribution. — Let us consider the case of a neutral particle 


which decays into one neutral and two charged secondaries, having masses 


m,, m, and m; respectively. As m, cannot be seen—its presence can be guessed 


if the line of motion of the primary is established—the event will appear as 
a V° decay associated with an apparent Q = Q% and an apparent primary 


mass M*, where 


9 


* Di ra | WV 2 2 
Qi = Vie; +e;) (Pi + Pi) m,—m = V(M —e,)*—p?—m,—™,, 


ME = QO2 4-1, + mj; = 4 (M — 03)? — pi. 
The Q*-distribution is derivedimmediately from the p-distribution given above[ 5] 
(3-92) = F(Q3)d@% = G(M}) AM = 


MS dM;; 


— const: Te (M? + mì — Mi?) (MM? — (Mi + mp) (M° — (Mi — my): 
2(mi+ mi) (mi — mi)" \+ ; (mi — mi) 
(1— M Aare ME: | Cr — mies (1 ME | 


2(mê + m5) 
tom M | 


0<QG<M_-(m4m, + m,). 


— QU — (ES — my?) (IE — (ME + my?) [1 


9-3. — Statistical analysis of lifetime estimates. 


Statistical methods for estimation of the mean life of the new unstable part- 
icles have been considered both in connection with cloud chamber and emulsion 
experiments [6-14]. The most complete discussion is contained in the articles 
of BARTLETT [7, 8], which are chiefly related to the study of unstable particles 
in cloud chamber photographs. 

An application of Bartlett’s statistical treatment to the analysis of emulsion 
data can be found in [9, 10, 12]. pest 


9°3.1. Bartlett’s maximum likelihood procedure. — Let us consider a cloud 
chamber picture of an event, due to the decay of an unstable particle, for 
which the following quantities can be determined: 


1) The path length (l;) from the entry of the particle in the chamber to 
the point of decay; i 4 


2) The potential path length (Li), i.e. the path which the particle would 
have covered inside the chamber, had it not decayed (see Fig. 1a). Si; 
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If the velocity of the primary can be deduced, these quantities can imme- 
diately be translated into time of flight t; and potential time of flight T;. 

Let us suppose, at first, that the chamber does not contain any plate inside 
the sensitive volume. Considering that the time available for the unstable 


Fig. 1-93. È 


| particle to decay inside the chamber was 7,, the normalized probability for 
the decay to be observed within a certain interval dt; inside the chamber, is 


exp[—tr}dt,/r 


on ie LT DS Te 


è; | (1-93) dp; = fdt, = 


rt being the meanlife to be determined. If n observations of n events are 
available, the probability that the first decay happens in the interval dt,, the — 


1 second in df,, and so on, is obviously À 
Ni er i a $ N | i qui 4) i i = : fi a a ‘ sn med, aie | Le h 14 
Mero Del Ti Peer SpA GERS 
a Banc Me a Trent ria ~” Ce ear 


oe - : . 
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an equation which can be solved by interpolation or by successive approx- 
imations. It can be shown (see CRAMER, loc. cit.) that under certain general 
conditions 


satisfied in the present case 


à the likelihood equation has à so- 
lution 7 which is an asymptotically normal estimate of +, distributed around 
the true value 7, with an asymptotic variance o given by 


(4-9°3) uy va x E € an DI 9. 5 fe: ee DI falte|to) ae 


o? 


and that the variables (¢ In f,/ét),_,, converge in probability to zero with 
an asymptotic distribution associated with a variance 


(5-93)  o—E (È Je G4 filti| vo) dt; = 


1. 
since f(@f/8r2) at, — 0. It follows then that > (0 In f:/07),_,, is asymptotically 
1" 


normal, with a mean value zero and variance o"?= 9% o?= > (—E(0? Inf,/0r°), .): 
Then the variable n i ; 


SO 


OT? 


‘a8 CeCe 


is asymptotically normal with zero mean value and variance 1. Following 
Bartlett’s treatment we consider the function 


Lam (4, T, exp[—T./t] 
2 É RQ exp [— ZA) 


(7a-9°3) S(t) = per merce Tv) lì? 
| CARI SI e rar) 


which for t — 7, is equivalent to (6) and has zero mean and unit variance. 
Obviously S(2) = 0 since 4 is the root of equation (3b). It can be seen that 
if plotted as a function of 1/7, the function S(1/t) is nearly linear in the 
neighbourhood of 1/2, a fact which makes the graphical interpolation an easy 
task. As long as S can be considered—at least approximately—as a variable 
having gaussian distribution, the limits of confidence to be associated with a de- 
termination of À can be determined as follows. Let P be the probability that z 
differs from the true (unknown) value 7, in either direction by more than 6 
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times the standard deviation. As S has unit variance, the limits of confi- 
dence for +, associated with a probability P, are given by the roots of the 
two equations 


fa == DPI 


For the convenience of the reader values of 0(P), as defined by the equation 


OP) 


have been reported in Table I. 


Tusa 1-95; 


A CEI 
P(\t —%|> 02) = |e feo [— 77/2] dy. a 
O) È 
= = = = = = = = di 
P 0(P). È 0(P) PE | 0(P) lu OCP) x 
OPA) .70 .385 3 .40 1.6449 
.95 -0627 .65 4538 338 1.9600 
.90 1257112 60 5244 .30 2.5758 
.85 1891 | .55 5978 | +25 3.290 5 
.80 .2533 ||  .50 “6745 20 | 3.890 6 
.75 .3186 | -45 156 du) | RIB = 


Se Fig. 2 an nas is shown of a mean life dora by this method. I 

The function S related to the times of flight t, and to the potential times Le 
= of eleven Vt observed in a cloud chamber 

da ve # | e was calculated by FRETTER et al. si er 2) 
Eu rl bor ee pi i values of. + 24: =k ae 


ni da ra 


nls 
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to a probability 50% was determined. P = 0.5 corresponds to 0(P) = 0.67 
(see Table I). The equation $(1/7) = 0.67 was solved graphically (see 
Fig. 2) and (1/7), Was found to be 0.82-10°, corresponding to Toten 
= 1.12-10* s. The data did not enable these authors to determine an 
upper limit for the same level of confidence. For S =—0.14 one gets in 
act Ly r= si, tS 00. 

The assumption that S be normal is closer to the truth, the higher the 
number of observations » is. In general however S is not normal—in fact 
it has a positive third moment and therefore a positive skewness coefficient y. 
In our case (see BARTLETT [7], p. 251-4) 


ef Tiexp[— Tifr](1 + exp [— 7,/z]) 
Di rely) 


een ee 1) 
“is FT en TA 
\2 (! @ (1—expl—T rye 


BARTLETT suggests the use of the amended quantity 
(7b-9°3) SES +1 y(S2— 1) 


in place of S in equation (7a). 
It was pointed out by NEWTH (see PAGE and NEWTH [14]) that the max- 


- imum likelihood equations have to be modified when the chamber contains 


Bai + 


plates since a particle decaying inside a plate would not, in general, be con- 
sidered. The corresponding potential time 7’, and time of flight #, of particles 
observed in the chamber are to be calculated from the sum of the various T,, 
corresponding to the points of entry of the i-th particle in the j-th plate and 
of the exit from the (j — 1)-th plate (see Fig. 1b). 

The probability of decaying in a visible part of a chamber containing s 


plates is 
1 — exp [— 7;,/t] + exp [— Tit] — exp [— Tis/t] +... + | 
+ exp [— 7,,/t] — exp [— T,/t] = 1—exp[— T,/t] + > (— 1)’ exp [— T,;/t] 


instead of 1— exp[— 7,/t] which appeared in the denominator of (1). The 
distribution function F(t,, t....; T,, T,...|7) has to be modified into 


1...n 
(6,5 HAS T;5lT) dt; not If dt, = 


il exp [— T/r|dt; 
*4—exp[— Tir] + bi (— 1) exp[— Tir} 


38 — Supplemento al Nuovo Cimento, 
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The likelihood equation becomes 


i EX sa Lr = EE iT 5; 4 = 24; 
ar aa Trexp (= Tr] > ( 1)T;; exp[ IT] 


= 1  — 
2 T 2 T æ t(1 — exp (— Tir]+2 (= 1)’ exp [— T'iaft]) 
Taking 
pee D heu, aste) 
ya T 


T 
A,=1.—exp{— U;] + > (— 1) exp[— U,;] 


î ‘ 

| o, Bw 

= Uiexpl—U]—Y (1) Uhexpl— Ul, — =1-g- M 
Bartlett finds È 
i À 


B;\ 
S(z) = > (0 ST ++)/& (L):} : 
The skewness has been calculated by DI CAPUA [17] who finds 


ES, Qos ai) 


È; 3 : si ide * <a dla 


where the symbols Wie the same meaning as boa and 


M 8: En i È 


SA 4 Benito ae ¥ (uly exp[~ ta] — UY, exp[— CAE FRET Pre 


sal alia 
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in flight, Bartlett’s method can be applied unaltered; but if all the information 
derivable from all the events is wanted, the theory will have to be modified. 
This problem arose in connection with the X particles which were seen to decay 
almost in equal numbers—in flight and from rest. 

The analysis can be carried out as follows [9, 12]. Let us distinguish three 
types of events: 


a) those in which the unstable particles decay from rest; 


b) those in which they decay in flight but their position and velocity 
at the moment of decay are such that they would have been brought to rest 
inside the emulsion volume had they not decayed; 


c) those in which they decayed in flight and are not included in b). 


Events of type a and b are obviously to be associated with an infinite 
« potential time». Nevertheless they supply us with different information. 
For the a type all we know is that they decayed after a time t, which is the 
slowing down time (or moderation time) inside the emulsion. For the b type 
we know the exact timé t, of decay from the moment they entered the emulsion 
stack. This is also true for the c type but forsthese the potential time Weiss 
not infinite. 

The likelihood function, modified to take ni account thane differences 


is [12] 


4 o. © e 4 i if | 
AD! = Fatty, 11 dty 4s «din ft fausti. + COD yang iis. 


x 


‘ 1I.Na 7 LS j ‘elt 2 mr | Li : RS 3 eh ak a 
= Il exp Te t,/t] IL = exp [— hate II exp [— t,/t](t(1 —exp pa an eae 
bh A wd ‘ oF: 1 ae of k en coal 
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A 
t is the value of t which makes S(t) = 0. Again S is a nearly linear 
function of 1/7 and has a standard deviation equal to 1. Limits of con- 
fidence for the value of t are derived as before (see Subsect. 9°3.1.). 


9:3.3. The residual time method. — In the deduction of equations (8) and (9) 
no account has been taken of the fact that the probability of observing the 
decay of a particle in emulsion is a function of its velocity. 

Decays of particles at rest are in fact much easier to detect than those 
of particles in flight. In the latter case the difference of ionization between 
the primary and secondary particle may be very small and the angle in the 
laboratory frame of reference also small. Such an event may easily be taken 
for a single scattering of a non decaying particle and the observer may fail 
to register it altogether. The importance of this « kinematic bias » becomes 
apparent if one takes an extreme case, as for instance 


hpi he — 0 


which means: all decays in flight are lost. Then, from (8) we get t = oo. 
To take into account this bias AMALDI [9] has introduced the « proba- 
bilities of detection » p(6) of a decay of a particle having a velocity f, which 
howevery, are most difficult to evaluate. 


‘ To overcome this difficulty a different method was suggested by AMALDI _ 


et al. [10] based on the following idea. Let us consider the simple case of a 
monoenergetic source of unstable particles. The life time distribution of the 
Eeteeles emerging from this source is CORRE 


av = TASTI na 


a Di Lee N is the e intensity of the source and dN is the number of via 
2 à Sla in the ne Joue AE measured ui AREA pue, oy 
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Qt 


stopped had they not decayed. Then the particles are assumed to be created 


at the time t =—t. We shall subdivide the time interval 0-î into a 
number k of subintervals (in Fig. 3, k =4) so that the length of each of 


them will be 0 =t/k, and we shall number them starting from ¢t=-0. The 
number of particles decaying in the k-th interval (the 4-th in Fig. 3) will be 


i 


NON (! — exp 


and the subsequent (4 — 1)-th interval 


x a 0 
Np = N) (1— exp |— 2) = Nexp|— 2 1 — exp | — 2) 5 
tT T 18 
and in the (kK — r)-th one 
(10-93) Ni = N exp | r a (1 — exp | — “| : 


It follows that the number of those which decay at rest is 


Ny = N exp[— t/q 


and, for example, 


N,  exp[— (k—1)6/t] 


SS) I ES aaa See ii 


(1 — exp [— 0/t]) = exp [0/t] —1, 


and in general, for k >1 


(12-9°3) Nx44JNx = exp [0/7] . 


In conclusion, from a monochromatic source one can only expect a distri- 
bution of decays described by the simple exponential expressions given above. 
If the observed distribution differs from it, this can only be due to an exper- 
imental bias. | 

The «geometric bias » which was automatically eliminated in Bartlett’s 
method may play her an important role. However in the case of the hyperons, 
which have a very short lifetime it is not very important. In fact the length 
of path of hyperons observed in emulsions is rarely longer than 2 or 3 cm. 
The experiments from which the overwhelming part of the data have been 

obtained, have been performed using large stacks of emulsions s0 that the 
« geometric bias » is certainly small. The truth of this is also apparent from 
the following remark. So far the discussion has been limited to the case of 
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a mono-energetic source, which is rarely the case in any experiment on 
Y particles. On the other hand we can always select a number of particles 
created at an energy H > #, and consider them from the point at which their 
energy was H,. In this way our experimental situation does not differ from 
that of a monochromatic source. If £, is chosen so that the residual range 
is small compared with the dimensions of the stack, the « geometrical bias » 
which may favour short living particles in comparison with those living a 
longer time, will be negligible. 

On the other hand the detection efficiency p(f) mentioned above, can be 
calculated. We can associate with each of the k intervals a single p,, since 
they refer to particles of the same velocity and of the same ionization. Intro- 


ducing the p’s into equation (11) and (12) one gets 


(13-9°3) Pi = = exp [(4/t) —1], 


oe Mt _ Pra 
4-93 
(14-93) nni _ Pesi exp Te], 


where the symbols n, = N,px have been introduced to represent the numbers 


of the events in fact observed. If 0 is taken sufficiently small one can safely 
assume p, = p, = 1 and a first approximation value for 7 is obtained from (13) 


LS 2 te 
one), | 


which in turn may be used to estimate the efficiencies. For example [10] 
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PART II 


. 


THE THEORETICAL PROBLEMS 


Introduction. 


The following part will be a review of the attempts which have been made 
to interpret the behaviour of the new particles. As soon as they were dis- 
covered such particles posed new kinds of theoretical problems: the first one 
was that of being produced easily and of having long lifetimes. This problem, 
which in the following will be called the « paradox » strong production slow 
decay will be clarified in the next chapter 10. Its solution led to the idea, 
particularly emphasized by PAIS, of the associated production of the new 
particles. A particular scheme of associated production was presented inde- 
pendently by GELL-MANN and NISHIJIMA, a scheme which is based on ex- 
tending the attribution of an isotopic spin to the new particles. Such scheme 
was proposed at a time in which the experimental data on the new particles 
were very few, and, since then, it has received remarkable experimental con- 
firmations. It will be developed in Chapter 11, where we shall also deal, very 
briefly, with some attempts to give a mathematical expression to the scheme 
of Gell-Mann and Nishijima. 

The Chapter 12 will consider the problem of the charged heavy mesons; 
do the different kinds of decays observed for the charged heavy mesons cor- 
respond to the same or to different particles? Here the interesting fact appears 
that the two decay modes Ki, and Ki, seem to imply different spin and/or 
parity, for the decaying particle though, inside the experimental errors, they 
correspond to the same mass, lifetime, and several other characteristics. This 
problem still has not had a definite solution; among the many proposals which 
have been made, and which are described in the Chapter 12, we recall here 
the one which appears now to be the most probable solution: the assumption, 
advanced by LEE and YANG, of the non conservation of parity in the weak 
interactions, an hypothesis which has already received remarkable experimental 
confirmations in the field of the 8 and uw decay phenomena. 

The mentioned conclusion that K*, and Kt, correspond, most probably, 

to different spins and/or parities is reached with the analysis of the Ke, decay; ~ 
_ this will be considered, following DALITZ, in the Chapter 13. 


= 
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The Chapter 14 reports on the situation of the neutral heavy mesons; in 
particular the consequences of the fact that, in a scheme like the one of Gell- 
Mann and Nishijima, the neutral heavy mesons are represented by complex 
rather than by real fields, are discussed as indicated by GELL-MANN and PAIS. 

The problem of determining the spins of the hyperons and the methods 

which have been suggested for this, is considered in the Chapter 15. _ 

È Finally the Chapter 16 reports on the question of the interactions responsible 
for the decays of the new particles; here the situation is certainly not improved 
with respect to that of accounting for the pion, muon and neutron decay 
| which already could not be considered completely satisfactory; this situation, 
too, is summarized in the Chapter 16. — 

We shall close this summary of the material presented in this part with 
some nomenclature: | 


ent, ap == 


1) The hyperons and heavy mesons will be called «new particles ». All 
the other particles will be denoted as «old » or « ordinary » particles. 


2) The neutrino, electron, muon will be called leptons, a word already 
in use. 
3) The nucleons and hyperons will be sometimes called « baryons», a 


PE; 


name introduced by PAIS. _ = PU eg | ESS 


| 


| 


CHAPTER 10. 


The Paradox Strong Production-Slow Decay. 


10:1. — Why the new particles are strange. 


The new particles, whose properties have been extensively described in 
the previous sections, have in common an apparently curious property: 
that of being copiously produced in pion-nucleon (or nucleon-nucleon) 
collisions on the one hand (compare the values of the cross-sections listed in 
Sect. 1801) and of being remarkably stable on the other [1-5 and espe- 
cially 6]. Such a property is not easily explainable; one would think that if 
the interaction between one of the new particles, say a A°, and the pions 
and nucleons is such as to lead to an appreciable rate of production, then the 


same interaction should lead to a strong rate of decay, unless some very special 


mechanism is operating. 
We may illustrate this point with an example [7] (*): assume that the 
ERIN Di the se takes place RON to the reaction: 


MELOTL) : = +P Sir: 


To agree with the experimental production cross-section of the A", the | 
matrix element for such a production process must then be, for a pion energy fi 
| of ~1.5 GeV, —} of the matrix element for the elastic scattering process — 
RE of Que oe from the Spia a what we Au about the: ee o 
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Yukawa interactions between pions and nucleons it is clear that also the matrix 
element for the virtual transition: 


(2-10°1) n->A°+7°, 


must have more or less the same order of magnitude; one also would think 
that the matrix element for the «almost » reverse reaction: 


(31071) AS>n+7, 


should have the same order of magnitude; but, if so, the decay of the A° 
through the process (3) (or equivalently through the process A® >n-+7° > 
pr) would be much too fast; in fact assuming the matrix element. for 
the decay transition (3) to have the same order of magnitude as the matrix 
element for (2), the lifetime of the A° should be ~ 10-** s, a factor 10” times 
smaller than the observed one (—3-107!° s). 
The situation is quite similar, of course, for any of the new particles. For 
example assume that the K° are produced in a reaction of the kind: 


oar? para A 


* (4-10°1) nr DE de | M 


¥ 


Reaction (2) is in this case substituted by: 


(5-101) CEE He 


‘and a fast decay of the K° might be expected to take place according to the deli a 
two step process: pi È RI 


(6401) | ¥ K° +n4+n >2n- 


| leading again to a discrepancy by a factor ~ 1012 between the GEERD and ©. 
the calculated lifetime. A peso 
| Notice that in the above deductions there is: to the both SM à thes (1) È ; E ti: 
(4) are the reactions in which the production of the A° or respectively K° 
| pue a the hong that the matrix element for the pi Cite 

jee ii cio ip (2 
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10:2. — Fast and slow processes. 


We shall in the following conventionally call « strong » the interactions 
responsible (*) for the creation of the new particles; and « strong » the pro- 
cesses or reactions produced by such interactions; the order of magnitude 
of strong decay process is expected from the arguments of the past section, 
to be not much smaller than 10-22 s; we shall then speak of a «fast » decay 
process. The fact that usually the decay of a new particle takes place in a 
time longer than this by a factor 101°—10', will be expressed conventionally 
by saying that such decay is «slow ». 

Using this nomenclature, the conclusions of the last section may be sum- 
marized by saying that the fact that the production processes of the new 
particles are strong, implies that also the decay processes should be fast unless 
one of the assumptions made in the argument of the last section is incorrect. 

We first examine (following [7]) the possibility that the assumption b) is 
incorrect; that is we examine here the possibility that the matrix element for 
the decay process (3-10°1) is not of the same order of magnitude as the matrix 
element for the production process (2-10°1); we shall fix our attention on 
the A° but similar arguments hold, of course, for the other particles. 

The first point of view we assume is the following: the reaction leading 
to the strong production of A° is effectively (1-10°1), but there is some mecha- 
nism which produces a considerable slowing down of the decay process (3-10°1). 

In looking for the mechanism in question we first observe that the matrix 
elements for the production and decay processes refer to rather different energies, 
the production taking place at energies of several hundreds MeV and the 
decay implying an energy release of just — 37 MeV. Therefore, also if, at 
the same energy, the two processes (2-10°1) and (3-10°1) (being « almost » one 
the reverse of the other) have the same or nearly the same matrix element, 
it may happen that the matrix element in question depends so strongly on the 
energy that it is much smaller at the low decay energies, than at the high 
energies correspondin® to the production. 

Therefore a possible way out of the paradox strong production-slow decay 
is to assume [9, i, 2] that the relevant matrix elements depend strongly on 
the energy; one may then ask why there should be such a strong energy de- 
pendence: it is easy to realize and it will be shown in detail in the next section, 
that a strong energy dependence of the matrix elements may be obtained if 


(*) By this word «responsible » we want to imply that if such strong interactions 
were absent the rates of the production processes would be reduced by at least a 
factor 10; we do not want to imply that such rates would be exactly zero (compare 
Sect. 11°8). A more satisfactory separation between strong and slow processes will 


VOR appear later in the frame of the Gell-Mann Nishijima scheme, 


x 
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the new particles have high spin values. The attribution of high spin values 
to the particles may thus provide a possible solution to the paradox. 

The following remark may be appropriate to illustrate clearly, on an ana- 
logy, what is the kind of mechanism involved; consider a nucleus, initially 
in its ground state, bombarded by a beam of energetic y-rays; consider a 
yn process in which, say, a neutron is expelled from the nucleus, the residual 
nucleus being left in an excited state of energy £,; assume that such state 
has a high value of the spin but is energetically not very distant from the 
ground state E, of the residual nucleus; the neutron having taken a large 
part of the y-ray energy, which is assumed to be sufficiently larger than the 
threshold energy for the process in question. A process like the one described 
above, may take place with an appreciable cross-section, which does not depend 
very much on the spin of the excited state, provided the energy of the y-ray 
giving rise to the process is sufficiently high. 

However if we now fix our attention on the y decay of the excited state 
to the ground state its lifetime turns out to be very long due to the fact that 
the order of the y-multipole to be emitted is high and the energy difference 
E, — E, is small: the level E, is a metastable one and the excited state thus 
formed is an isomeric state; as we have seen the process of excitation of such 
an isomeric state may be considered a «strong » ohe; yet the decay is a «slow » 
process. This is produced essentially by the high spin of the state in question. 

Considering now the reaction (1-10'1) and substituting in the description 

‘ of the above process, the bombarding x to the bombarding y, the bombarded 
proton to the initial nucleus, the outgoing 7° to the outgoing neutron and 
the A° to the excited isomeric state, we have a description of how a high spin 


i 


mechanism may produce the desired effect in solving the paradox strong pro- 
duction-long lifetime of the new particles. 


10°3. — The high spin hypothesis. 


The analogy of the last section makes it clear that, on assuming a high 


spin for the A°, an energy dependence of the matrix elements may be obtained 
such as to make the decay process much slower than would « a priori » be 
expected [9]. Here a more quantitative examination of this question will 
be made, always referring to a A° for definiteness and assuming that the pro- 
duction takes place according to the reaction (1-10°1). | a 
~~ The hamiltonian governing the- production. process, .as well as the decay 
process contains two different interactions; one is the ordinary Yukawa inter- — 
action between pions and nucleons, the other is an, interaction operator (like 
4 the one’in the footnote of Sect. 10"i) which connects the pion, nucleon and: A° 
i fields; the total transition probabilities ‘are? built, by perturbation theory, 
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essentially as products of matrix elements of the above operators; it is of 
course the matrix element of the (n, x, A°) interaction, which is very strongly 
energy dependent if the A° has a high spin; our purpose here will be to show 
that at the energy involved in the decay, this matrix element M,,,,, is much 
smaller than the one M, at the production energy if the A° has a high spin. 

The process in question will be treated by the perturbation theory. The 
production process (1-10°1) is a two step process; we consider only the sequence 
of the transitions: 


(1-10°3) n+p nstAt pr 


disregarding, for simplicity, the other possible paths. In (1) step a is induced 
by the YUKAWA, and step b the (n, x, A°) interaction. 
The decay is represented by: 


(2-10°3) ; NES eg a ea Dis 


Also here steps a and b are respectively Yukawa and (n, x, A°) steps. 

All what we have to compare are the matrix element for step b both in 
the production and in the decay process; these are the quantities previously 
indicated by M_,., and M The ratio |M ;xay°/|Mproa.|} Will then give a 


prod. decay * 


reasonable idea of the order of magnitude of the ratio between the rates of | 


decay and production. The above matrix elements will be proportional to 


| the amplitude of the A°, x° wave (process (1)) or respectively n, r° wave — 
(process (2)) in the region in which the interaction between the A°, n, n° is. 


strong; the proportionality factor will be not very different in the two cases. 
It is in the spirit of the perturbation treatment to approximate such waves 


by plane waves. For the process (1) the wave in question will be exp[ip:r], 


È 


| where p is the relative momentum of the A° and 7°: p=3(pxr— pw); for the — 
| process (2) the wave is exp i[q: r], where q is the relative | momentum of 


Li en n and mi On account of the PR UE of the total ES dns 


PT IN OI 


Pi 
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nucleon and m the pion mass; let us take here 


(4-10 °3) R= 0.5 Lin 
me’ 


remarking however that relatively small variations of À may be important 
in calculating the following Table I. 

We remark at this point that if, for a given /, k is sufficiently larger than 
the value k, defined by: 


then the function J,(kR) is of order of magnitude of unity in the interaction 
region, that is for r < È. 

Assume now that p, which is the momentum of the produced A° in the 
‘center of mass system, is sufficiently larger than a p, defined by: | 


(5-10°3) da 


Then the amplitude of the wave produced, which is, as said above; propor- 
tional to M,,,,, is close to unity in the interaction region. 

The amplitude J,(qr) of the wave emitted in the decay process, is, on the 
contrary, much smaller than one, in the interaction region, if S>>1. This 
is due to the fact that qR is now <1 (its value is ~ 0.35 for the choice (4). 

of R; q is of course determined by the decay energy of 37 MeV); assuming 
pt we may eae, di (ar) in the interaction | region (at r=) by: 
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Taste 1-10°3. — The values of (qR)?S-!/(28!!)? for several spin values [R = 0.5(h/m,c)]- 


S = 1 3/2 5/2 7/2 9/2 11/2 13/2 


di 


(gR)25-1/(2811)%= 128 1020066107, 1:6:10 212210 100 6510 oom eae 


These values represent (compare the text) the ratios between the rates of decay 

and production of a A° for several spin values of the A°, when the production 
| takes place at an energy such that the condition (5-10°3) is satisfied. In view of 
| the roughness of the calculation it is not expected that the figures are reliable 


i to more than a factor 100. 


We see therefore that, if a spin, say, 11/2 is assumed for the A° then we 
might get a large production cross-section, at an energy of 1.5 GeV or higher 
of the A° in the centre of mass system and, at the same time, the observed 
long lifetime in the decay; this shows that the high spin hypothesis is 
a mechanism which produces a strong energy dependence of the matrix 
elements, thus permitting, in principle, to solve the paradox strong pro- 
duction-slow decay. 


10°4. — Criticisms of the high spin hypothesis. 


Though the discussion of the previous section gives just orders of mag- 
nitude, we have presented it in some detail to make clear the mechanism 
involved; however, in view of the fact that the high spin mechanism has not 
been successful in the explanation of many aspects of the behaviour of the 
new particles, we shall not continue here the discussion in detail, but simply 
summarize a few points worth considering, and, in particular those facts which 
do not find an adequate explanation using this model [7]. 

First it is clear that the same mechanism which stabilizes the A° may 
explain the long lifetime of the K° or any other new particle provided it has 
a high spin. 

Furthermore we remark that, when stabilizing a particle against a fast 
decay, we have to stabilize it, not only against a fast decay into nucleons and 
pions, but also against, for example, a fast electromagnetie decay; this is not 
difficult for the high spin model, because the y decay is slowed down for the same 
reason which is effective in the particle decay, namely the high multipolarity 
of the radiation involved. So, there is no serious objection on those accounts. 

However the following are objections to the model: 


1) The associated production of the new particles is now an established 
i fact; for example the reaction 


È (1-10'4) ù pin-A+K+p 


= 5 
"AN 
SIE dee 
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is now well established, but, as far as we know, no case has been observed 
of a reaction like: 


(2-10°4) ptn—A°+ >, 


which would be energetically favoured and shonld have been seen; notice 
that there is no reason why in a high spin model such a reaction should not 
take place; on the contrary one should think that, at the same available energy, 
a reaction like (2) should be much more frequent than a reaction like (1-10'1), 
near threshold [7]. 

In fact, near threshold, only components of the incoming wave with 
a low orbital momentum are effective; now the final X* and A° in reaction (2) 
having both a high spin, may conserve the total angular momentum being in 
a state of relative motion with a low orbital momentum; therefore the ampli- 
tude of the outgoing wave will be large; on the contrary the state of relative 
motion of the two final particles in reaction (1-10'1) must have a high orbital 
momentum to compensate for the spin of the produced A°, hence the amplitude 
of the outgoing wave will be reduced. 


2) No reason is given for the fact that, at least at low energies, the 
production of K+ is much more frequent than Dai OK (compare Sect. 18°1). E 


i 


3) More generally we may say that the te of many processes, snd 
the existence of others, does not find an-adequate explanation in the high 
spin model. The processes considered under 1) and 2) are just two examples OS 


but there are now many others. SE 
Ne 

4) Let us consider [7] the « cascade particle », which decays according a 

to the scheme: > 0 
m Nr; = 


ae 


to explain the small decay constant is necessary to attribute to that particle 
a spin ~ 25/2, to prevent its direct decay into the state n+7— which should 
be also energetically favoured (this is—at least—unaesthetic!). 


5) The observed ratio between the mesonic and the non-mesonic decay 
of a A° bound in an hyperfragment (compare Sect. 15°7), as well as the order 
of magnitude of the lifetime of the hyperfragments [10], can be hardly re- 
conciled with a high spin of the A°. d i 

On the other hand the high spin hypothesis deserved some consideration, 
when the theoretical aspects of the new particles were first investigated, 
mainly ‘on account of the following reason: in discussing the high spin 
mechanism no mention has been made of the effective structure of the 

. new particles; therefore the most simple thing would be in such a model to - 
regard them simply as metastable excited states of the mea nucleon ne the 


Mare sro 
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word metastable having the same meaning as, say, in the « decay with the 
difference that the centrifugal barrier, and not the Coulomb barrier produces 
here the metastability. Therefore in the high spin model there is no need 
of introducing new «elementary » particles, besides the nucleons and 
the mesons. We may add that some calculations have been done by 
the Tamm-Dancoff method [11] in order to see whether, for instance, a 
pseudoscalar meson theory with a reasonable coupling constant may account 
for the metastable excited states in question. Due to the general difficulties 
of meson field theory such calculations do not allow to reach more definite 
conclusions than the elementary arguments already presented and we refer 
to the original literature. We shall close this section remarking that, for the 
reasons mentioned above and for many others which will become apparent 
from the following, the high spin model has to be regarded as unsatisfactory ; 
in the following sections an alternative, entirely different and much more 
satisfactory approach to the problem of the new particles will be presented. 

The problem of trying to determine directly the spins of the new particles 
through the examination of angular correlations and other effects will be dealt 
with in Chapters 13 and 15. 


10°5. — The scheme of associated production. 


In Sect. 10°3 we have seen that a possible but unsatisfactory way to solve 
the apparent paradox strong production-long lifetime could be that of as- 
suming a strong energy dependence of the matrix elements, hence of attributing 
high spins to the new particles. However, as mentioned in Sect. 10°1, there 
is another possibility of avoiding the paradox which consists in rejecting the 
other hypothesis which was made in arriving at the paradox. 

In other words: the strong energy dependence of the matrix elements from 
the energy, hence the high spin model, was a necessity if we assumed that 
the production of A° took place according for example to the reaction 77 +p > 
>/A°+7n° or any other similar reaction, which might, when inverted give rise 
to a fast decay. We now reject this assumption; more precisely we assume that 
the processes which lead to a strong production of the new particles are not 
at all processes like (1-10°1), but instead processes which, by their very nature, 
may not, when inverted, be responsible for their decay. To give an example 
of such a possible process, consider for instance the reaction: 


(1-10°5) nm +p > À° + Ke 


and assume that the strong production of a A° from a x p collision does not 

_ take place at all from reaction (1-10°1), but takes instead place from the 

reaction (1), so that, each time a A° is produced, a K° is produced together 

with it (associated production). If this is the case or, more generally, if each 
x 
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new particle interacts strongly with the pion nucleon fiel 


d only if there is at 
least another new particle present ( 


here, of course, present means « present at 
the point or volume of interaction ») then the interaction which is responsible 
for the production cannot have any importance in the decay, that i 
lead to a fast decay as was the case with (2-10°1) 
decay the new particle is alone. 


8 it cannot 
; because at the moment of 
The interaction responsible for the decay must then be another quite dif- 
ferent interaction, and the coupling constant of such an interaction may be 
chosen to be sufficiently small as to give rise to a decay as slow as we like. 
Production and decay of the new particles are thus completely unrelated [1, 
3-6]. 

Therefore, if a reasonable explanation can be found of why the strong 
interactions (the ones responsible for the strong production and the strong 
absorption) should be such as to produce the new particles only in pairs or 
more, then a possible solution to the paradox is given. Of course in order that 
such a solution be the correct one it is necessary that the experiment shows 
that the production of the new particles is always associated; a single cage 
of clearly unassociated production would be Sufficient to make the explanation 
untenable. The evidence on this point will be discussed in Part ITI. 

Moreover one has to be sure also that the elettromagnetie interactions are 
not such as to give rise to too fast decays of the new particles; in fact the other 
interactions which are responsible for the decay may be chosen as weak as 
one likes it, so to say, «ad hoc » to give the observed rates of decay; but the 
electromagnetic interactions are always present and the scheme must be con- 
structed in such a way that y decays do not ruin the metastability of the 
particles. 


10°6. — The introduction of a new quantum number. 


In the past section it has been shown on the particular example of the 
reaction (1-10°5) how a scheme of associated production may solve the para- 
dox; in this section we simply want to reformulate the same ideas in a more 
general way, independently of the particular case of the reaction (1-10°5); 
this may be done as follows [6]. 

We assume that three quite different kinds of interactions are operating 
between the particles with which we are dealing: 


1) «Strong» interactions, responsible among other things for the pro- 
duction of the new particles and having the property of operating only if at 
least two particles participate in a process (*) (hence giving rise to associated 


(*) Attention must be paid to the fact that this does not mean that all the reac- 
tions implying the participation of at least two particles are strong. 


il 
| 
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production of the new particles, but completely ineffective for the decay of 
a new particle into old ones); their order of magnitude is equal to that of 
the pion nucleon interaction. 


2) « Weak » interactions, which may produce among other things the 
decays of the new particles at the low rates and in the modes indicated by 
the experiment; their order of magnitude will turn out to be similar to that of 
the % decay interactions. 

3) « Electromagnetic » interactions, which couple every charged particle 
with the photons; with respect to them the scheme must be so constructed 
that the decay of the new particles with the intervention of real or virtual 
photons are not so fast as to imply too short lifetimes for the new 


particles. 


The experimental fact that the strong processes never imply the partici- 
pation of leptons indicates that the strong interactions are confined to pions, 
nucleons, and new particles, leptons do not intervene in the strong inter- 
actions. On the contrary the weak interactions imply also the participation 
of leptons, as it is evident from the fact that many decay modes of the new 
particles have leptons as final products. 

It is clear that the above distinction of three kinds of interactions was 
already present in the physics of the old particles. Thus the strong inter- 
actions were those among pions and nucleons, the weak interactions were 
those responsible for the 6 decay, u decay, 7 decay and so on. 

Therefore in the following we shall include in the strong interactions also 
the usual pion-nucleon Yukawa-like-interaction and in the weak interactions 
the { like interactions just mentioned. The scheme so constructed includes 
all the particles, the old and new ones. The only new feature which is intro- 
duced is that the strong interactions when acting on the new particles have 
the property of operating only when at least two new particles participate 
in a reaction. It is this property which solves the paradox, as we did see in 
the past section. 

The question which arises at this point is then: why do the strong inter- 
actions have this property? 

The idea on which are based almost all the attempts to give reasons of 
this property of the strong interactions is essentially the following: besides 
the usual quantum numbers, like the parity, the spin and the charge, 
another quantum number is attributed to the particles which intervene | 
in the strong interactions, both the old (pions and nucleons) and the new ones _ 


(new particles). The assumption is then introduced that the strong inter- 
actions are such that the total new quantum number of a system of reacting 


particles is conserved; in other words the « strong interactions » are invariant 
not only with respect to the well known groups (extended Lorentz group and 
à 


- Pea 
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charge conjugation) but also with respect to some other operation which just 
corresponds to this new conservation law. 7 
By choosing the strong interactions and assigning the values of the above | 
quantum number in a convenient way it is then possible to arrange things 
so that in the strong reactions in which new particles are produced from or- 
dinary particles, two new particles at least have to come out in order that 
the total new quantum number for the final state is equal to the total new 
_ quantum number for the initial state. 
On the contrary the weak interactions are supposed not to conserve the 
new quantum number, thus permitting the decay of the new particles to take i 
place as already explained. | i È 


deg n 
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CHAPTER 11. 


The Gell-Mann and Nishijima scheme. 


1161. — The isotopic spin as the new quantum number. È 


It has been pointed out in the last section that the property of the strong 
interactions to give rise only to associated production, is something for which 
a reason must be given; and that a possible explanation is obtained if the 
strong interactions between the particles, old and new ones, with which we 
are dealing, are chosen in such a way as to give rise to the conservation of 
some new quantum number. This may be done in several ways and each way 
corresponds to some « classification scheme » for the particles. We refer to 
° the literature (*) for several classification schemes which have been proved 
to be not completely adherent to the experimental facts and we discuss in 
the following only the classification scheme proposed independently by GELL- 
A MANN [2, 4, 5] and NISHIJIMA [6-8]; this scheme has been very successful, 
bre up to now in interpreting the experimental facts. 
This classification scheme is based on the assumption that the notion of 
| isotopic spin has to be extended to the new particles (*) so that to all the part- 
icles intervening in the strong interactions (pions, nucieons and each of the : 
| new particles) a value of the isotopic spin has to be assigned. 
UE After one has assigned in a way which we shall describe the value of the ; 
“AAA isotopic spin ¢ and of the third component the ona spin #3 to each a È 
dn, das following assumptions are hae (*): i, 


fe SS. 


(*) in particular. we may mention. a classification aa due to Pais wo 12], ag. | 
this last ref. designated as III) based on requiring invariance under rotations in à 
| four dimensional isotopic spin space, and a similar scheme by Salam and Polkingho 
. ana ot Eis, pole 2 NEO A a 
Ne two E tri cone Astana a me ce + 
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1) The interactions which conserve 7 and 7, are strong and are indeed 
the only strong ones. They are confined to pions, nucleons and new particles. 


2) In addition weak interactions exist violating the conservation of 7 


and 7. They include also the leptons. 
3) Ot course the electromagnetic interactions too are present. 


The order of magnitude of these various kinds of interactions has been 
already mentioned (Sect. 10°6). 

It may then be shown that the strong interactions give rise necessarily 
to associated production, or more generally have the property to be operative 
only if at least two new particles intervene in a process. 

The decay procesess are then due to the weak interactions. It may also be 
shown [5] that under some simple assumptions the electromagnetic interactions 
which of course violate the conservation of the total 7, nevertheless cannot 
give rise, alone, to a fast decay of the new particles so that the production 
and decay processes are completely separated as mentioned in Sect. 10°5. 

It appears that to assign an isotopic spin to the new particles is, in a 
certain sense, almost a necessity; in fact the new particles interact strongly 
with the pions and the nucleons so that, in any reaction involving real pions 
and nucleons only, there may be a contribution from virtual intermediate 
states in which new particles are present. For example an elastic scattering 
of a pion and a proton may take place through (compare (1-10°5)) 


t+po>/A10°+K0>r+p. 


If we want to conserve the isotopic spin in such a reaction between the 
initial and the final state, it must be conserved in each intermediate step, so 
that an isotopic spin has to be attributed to the A°-K° pair. We may then 
go further, and say that both the A° and the K° have an isotopic spin. One 
realizes, therefore, that if one believes in the charge independence of the pion- 
nucleon system and if one uses reaction (1-10°5), an established experimental 
fact, one is naturally led to attribute isotopic spins to the new particles. Of 
course, it is a matter of personal taste to believe or not in the charge inde- 
pendence of the pion-nucleon system; although such charge independence is 
well established at low energies (*), little is known experimentally at energies 
such that virtual transitions to a A°-K° state might play a role. 

In any case in the next section we shall proceed, following the Gell-Mann- 


(*) Among the experimental confirmations of the charge independence for the 
nucleon-nucleon and pion-nucleon system at low energies we may mention here: 
a) the equality of the np and pp effective ranges and scattering lengths; b) the exist- 


ence of isobaric multiplets among the light nuclei; c) Hildebrand’s comparison of the Sic A 


wk 


rate of the n+p —>d+7°, p+p—d+rt reactions. 
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Nishijima scheme, to assign t and # values to the new particles, making use 
of a certain number of established experimental facts. The criterion for this 
assienment will be analogous to the criterion with which one assigns isotopic 
spins to the levels of nuclei; in that case, if a nuclear state is found with the 
same properties in 2{+1 isobars, but not in 2t+3, then to this nuclear state 
a value t for the isotopic spin is attributed, and a value of tg = (N — Z)/2. 
In the case of nuclei in assigning in this way the value of the isotopic spin, 
account has to be taken, of the fact that, due to the Coulomb repulsion or to 
an excessive neutron excess, some level may be lost because of its instability. 
Here we shall assume that no phenomenon of this kind occurs, so that if a 
particle has just 2¢-+-1 partners having the same mass, spin parity and so on, 
then t is the value of the isotopic spin for the particle in question; this means 
that in counting the number of partners of a given particle we shall always 
assume that no doubly charged particle exists until it will be observed; however 
one has to keep in mind the possible existence of neutral partners, which may 
escape experimental detection; this produces a certain amount of indefiniteness 
in assigning the value of the isotopic spin which will be discussed for each 
case separatly; also the assignment of tz needs in some cases a discussion; 
for the moment the only assumption will be that, 1) ¢ has the properties of 
an angular momentum operator so that tj may vary, once t has been established 
from —t to t; 2) to each value of # corresponds, biunivocally, a value 
for the charge. 


11°2. — Particle-antiparticle conjugation. 


Before going on it is necessary to point out two properties which the theory 
under construction is supposed to have; these are: 1) the invariance with 
respect to particle-antiparticle conjugation, 2) the conservation of the baryonic 
number. In this section we shall shortly clarify the first property, in the next 
(Sect. 11°3) the second one. 

Assuming for a moment that only the electromagnetic interactions are - 
present we want to postulate that for any particle with a given mass and spin, 
the theory predicts the existence of an antiparticle with exactly the same 
mass and spin; if the particle is charged the antiparticle has the opposite charge 
and is, therefore certainly distinct from the particle; if the particle is neutral 
the antiparticle may either coincide with the particle (as the x° or the photon) 

or not (as the neutron). The invariance with respect to particle-antiparticle 
conjugation (often called also charge conjugation) means now that the evo- 
lution of a closed system of particles and antiparticles is left unchanged when 
all the particles are exchanged with all the antiparticles and viceversa. 


The same properties are assumed to hold also when the strong interactions 
We < 
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are introduced; then the invariance with respect to particle-antiparticle con- 
jugation implies in addition to the properties mentioned above that, if to a 
particle an isotopic spin t has been assigned, the same t value must be assigned 
to the antiparticle; as far as the ¢, values are concerned it may be shown, 
considering the transformation properties under rotations of a tensor or of 
a spinor, and of their complex conjugates, that particle and antiparticle have 
opposite values oj ts. 

Finally invariance under particle-antiparticle conjugation is supposed to 
be true (*) also when the weak interactions are introduced; in addition to the 
properties mentioned above, one will thus have the equality of the lifetimes of 
particle and antiparticle, if these are unstable, and if they decay with a de- 
finite lifetime. 


11:3. — Conservation of the baryonic number. 


As is well known, the nucleons satisfy a conservation law in the sense 
that the number of nucleons minus the number of antinucleons remains 
constant. It is this law which ensures the stability of the Universe. Now the 
experimental fact that each time an hyperon appears in a reaction a nucleon 
or another hyperon disappears and viceversa suggests that the above law has 
to be completed so as to include the hyperons. Therefore calling N+ the total 


number of nucleons plus the total number of hyperons and N . the total number 


of antinucleons plus the total number of antihyperons, we shall assume that 
in any reaction the quantity N= N,— N_ remains constant: 


(1-11°3) N= N,— N_ = const. 


Recalling that we did call baryon every particle belonging to the nucleon- 
hyperon family and antibaryon any particle belonging to the antinucleon- 
antihyperon family and defining a «baryonic number» which is + 1 for a 
baryon, —1 for an antibaryon and 0 for any other particle and which has 
the additive property, the law expressed by (1) may also be interpreted as 
the conservation of the total baryonic number N. “A 


(*) It has recently appeared (compare the Sect. 12°6) that the weak. inter- 
actions are generally not invariant under particle-antiparticle conjugation. It has 
however been shown that nevertheless the mass and the lifetime of particle and anti- 


particle remain (at least to the first order in the weak interactions) the same (compare 


Sect. 12°6 and the references quoted there). 


Re 
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11°4. — Assignment of ¢ and t, to the A” and to the heavy bosons. 


We now proceed in a way very close to that of [8] in our program of as- 
signing isotopic spins to the various particles and begin by assigning t and tz 
to the A®; we observe that no charged partner of the A° exists, that is no 
charged particle with approximately the same mass. The particles having the 
mass closest to the one of the A° are in fact the X* and =. However the 
difference in mass between such particles and the A° (75 MeV) is too large 
to be attributable to electromagnetie or similar effects; we are therefore en- 
titled to assume that the A is an isotopic spin singlet, that is: 


(1-11°4) tas = 0. 
Then ¢t;, which must not be larger than t, must also be zero: 


€2-11°4) tao = 0. 


Notice that these assignments have already an important implication; that 
is in this scheme the A° cannot be thought, not even in principle, as an excited — 


virtual state composed of pions and nucleons. This is evident since any such 
state, with zero isotopic spin must contain an even number of nucleons+anti- 


nucleons; therefore it cannot have baryonic number 1. It will be apparent — 
from the following that in this scheme no one of the new particles may be 
‘thought as an excited virtual state of the pion nucleon field; they have to 
be regarded as «elementary » particles, the meaning of the word « elia na 


being the same as for the nucleons and the mesons. 


We now pass to assign the isotopic spin to the heavy bosons: consider for 


e the strong reaction | a BLOOD) A ea A 


ASE A 


AN INTRODUCTION TO THE PHYSICS OF THE NEW PARTICLES 607 


We then proceed as follows: since the K° has isotopic spin } it must have a 


charged partner having t =}, tj — +4; it may be either positively, or ne- 
gatively charged; we assume, for a reason which will be apparent from the 


_ following that it is positively charged and call it K+; so 


=a SE 
tt =3, txt =}. 


| Moreover, to any particle an «antiparticle » must correspond with exactly 


Se 


on) 


the same mass, spin and parity; therefore to the bosons K+ and K° two other 


| bosons K- and K° must correspond which are the charge conjugate of the 


previous ones. The isotopic spin of K° and K= will be the same as the one 
of K* and K°; as far as the third component of the isotopic spin of K°, K- 


| is concerned, we have from a remark in Sect. 11°2 that (*): 


(5-11°4) ehi 


Whether the K°, K*, K~, K°, are sufficient to cover the variety of the exper- 
imentally observed bosons, or it is necessary to introduce more than one boson 
« family » is a question which will be discussed in Chapter 13. 


| ER - Assignment of t and t, to the > and 5 particles. 


We now consider the particles Y and €. As will be mentioned in Chiapibi 17 


Le is evidence that the Teaebion: 


0119) es È n4nSTAR, ha ni + | 
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fore only the value t = 1 remains which implies the existence of two partners 
of the =, one with t#= 0, the other with 4 = +1. We are then led to at- 
tribute ty, = 1, {,y+=1 to the X* and to introduce another neutral particle 
of the X family which we may call £°, having ty. = 1 and t,,» = 0. The ex- 
perimental evidence for this particle has been discussed in Sect. 64. It must 
be stressed that a small mass as well as lifetime difference between the 27 
and X+ (and also X°) is entirely compatible with the scheme presented here; 
the situation is different for the K+ and the K~ which, being one the charge 
conjugate of the other, must have exactly the same mass and lifetime. 

We finally turn to the cascade particle Æ7, whose existence has been a 
stumbling block for older classification schemes [9]. 

We assign to it a { value equal to 4 and a # value equal to — 3. Another 
assignment might have been t =t — 0 but the former assignment seems 
preferable for reasons which will be clear in the following (Sect. 16°10); if the 
assignment {= = 4 and {,= = — 4 is accepted, a =° must exist with the same 
value of ¢ but with t= 3. So far there is no evidence for it, but its exper- 


imental detection is difficult so that this lack of evidence is by no means È 


against the proposed assignment. 


“% 

TABLE I-11°5. — Summary of assignments of t, ts and strangeness to the various particles 

(for the antibaryons, the values of the above quantities are not reported; t is the same, 
while tz, u and s are the opposite as for the corresponding baryon). 


Baryons 


inte me, IS ; 
4 M ANT ARTE EN 30: 
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We end this section with the preceding table which reports the proposed 
assignments (*); for completeness also the old, strongly interacting particles, 
are included in the table. The columns labelled wu, s, and a will be discussed 
in the next section. For the antibaryons the values of #, w, s and a are not 
explicitely reported but are, as mentioned before, simply the values of the 
corresponding baryon with opposite sign. 


11°6. — Introduction of the strangeness. 


To derive in the simplest way the consequences of the proposed classifi- 
eation scheme, it is convenient to introduce for each particle, as in column 5 
of the Table I-11°5, the quantity «, defined as twice the deviation of the 
charge q from the third component of the isotopic spin: 


(1-11°6) u = 2(q —ts) . 


It is seen that, with the above assignments, particles of the same charge mul- 
tiplet have all the same value of u. For example K* and K° have u = + a, 
neutron and proton have u= +1; X*, 2°, N have wu = 0 and so on. One 
realizes also easily that if the values of t, hadybeen assigned in a different 
way, this would not have been the case. For example if we had attributed 
ts; = 4 to the K~ and — to the K*, then K* and K° should have had dif- 


ferent values of w. 


Obviously the relation (1) which may be also read 
0) 
(2-11°6) q=h +5) 


is a simple generalization of the usual relations between charge and # with 
which we are familiar in the case of nucleons and pions: 


(3-11°6) En (+ for a nucleon, — for an antinucleon) 


(3'-11°6) q=ts pions . 


(*) If one prefers, one may derive these assignments and all their consequences, 
to be discussed in the following sections, assuming as GOLDHABER has done (Phys. Rev., 
101, 433 (1956)) the existence of only one new particle family (say the K*K® K°K°) with 
T=} and assuming that all the other new particles are bound states of a nucleon with 
one or more K°, K~ with such a binding energy as to give rise to the observed 
masses. For instance: 2 =(n Ky ions» 2 = (pK®)pouna etc. This avoids considering 
as elementary all the new particles, but, of course, the difficulty arises as we have 
bound states in which the binding energy has the order of magnitude of the mass of 


one of the constituents. 


Fa _ the RÉ i in column i. of the Table Shi 5. 
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The requirement that different particles of the same charge multiplet have 
the same value of w is, of course, arbitrary, but has the advantage of the 
simplicity; one may hope of being able to justify it on the basis of some future 
theory. 

It is now evident, from the fact that g and t, have the additive property, 
that « has it too, in the sense that the total U for a system of particles is the 
sum of the separate w’s; the important point is now that U is conserved in 
the strong reactions; this is simply a consequence of the fact that the charge Q 
is always conserved, and 7; is conserved in the strong reactions; the conser- 
vation of U is therefore completely equivalent to the conservation of 73; how- 
ever the property which U has of having the same value for all the particles 
of a given charge multiplet makes the following discussion simpler. 

Such discussion becomes even simpler, if we introduce, instead of « the 
quantity s, called the « strangeness », defined for each particle as: 


s=uF1 (— for baryons; + for antibaryons) 
(4-11°6) 
S —=# (for bosons). 


The values of s are tabulated in column 6 of the Table I-11°5. 
For a system of particles, from (2), (3) we obtain 


(5-11:6) S=2 (0 —T,— 3) 4 
where N is the baryonic number; N, as already mentioned (Sect. 11°3), remains 
| constant in any process; therefore also S remains constant in the same way | 
MELE U in all the processes which conserve 7; and it is equivalent to speak “OF 4 
conservation of Ts or of conservation of U or of conservation of S. 
Some Authors [10] use instead of s the quantity a (or A) which is simply — 
“equal to —s (or — $); a will be called the «attribute », and is repas for 


Sul 
+ . «ip 
a (AI 


i TR Di Fast processes. uf FF ; 


> di af 
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and the electromagnetic interactions. In this section we shall consider only 


the strong processes. The main points are the following: 

1) Consider any collision in which only pions and nucleons intervene: 
the sum of the s-values is initially zero because the individual s-values of the 
pion and nucleons are all zero (Table I-11°5); in a strong process the sum of 
the s-values must be zero also in the final state; by comparing the column 6 
of Table I-11°5 and observing that the new particles have all values of s dif- 
ferent from zero it follows that at least two new particles have to be produced 
together. Moreover a new particle, left alone, cannot decay at all, if only the 
strong interactions are present, into ordinary (pions and nucleons) particles, 
because S would not be conserved. This shows that the attribution of a con- 
venient # value to the new particles and the assumption that strong processes 
must conserve 7; solves the paradox strong production-long lifetime. 

It is interesting to notice that for the solution of the paradox it is already 
sufficient to assume that the strong processes conserve 7; or, what is the same 
thing, U or S; there seems to be no need for assuming that also 7, the mo- 
dulus of the isotopic spin, is conserved; all what is necessary is the assignment 


-of a strangeness to each particle, as indicated in column 6 of Table I-11°5 


and the postulate that such a strangeness is conserved in the strong processes; 
this is what has been pointed out by SACHS [10], the concept of an isotopic spin 
being, according to Sachs’ point of view, a secondary one. According to the 
point of view exposed here, on the contrary, although in the end only the 


conservation of 7; plays a role in solving the paradox, also the conservation 


of T is assumed to hold; whether this is the case or not may only be decided 
by the experiments, looking for those strong processes which may constitute a 
specific test of the conservation of 7; LEE [11] has indicated a certain number 
of such processes; other tests of 7 conservation are indicated (*) in [12] and[13]; 
some evidence on this point may be derived also from the hyperfragments 
(Chapter 20); unfortunately there does not seem to be any real process easily 
accessible which would be allowed assuming just the conservation of 73, and 
forbidden assuming also the conservation of 7’; such a process wouid of course 
best discriminate between the two points of view. A process of this kind (far 
from any experimental possibility) would be A°+ A° > A°%+ A°%# n° which is 
allowed by the conservation of 7, (or equivalently of the strangeness) but not 
by the conservation of 7. 


(*) Some processes considered by the above Authors are: 


fK+d>2047+p (4) [K+d-5+p (8) [K+'Ho>2°+H (0) 
K+44>2+2%4p (A,) |K+d>Z"+n (Bs) in +4He >Y-+*He (0) 


If T is conserved then one should have BOE R(A.); ne RE R(C;)=2R(0i). 
| Here R(x) means: rate of process x. 
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implies as we have just said, that only the reactions in which at least two new 
particles intervene may be strong, the reverse is of course not true; not all 


2) While the fact that the strong interactions conserve 73, that is 53 


the reactions in which two new particles intervene are such that S may be 
conserved. A convenient graphical representation of the possible strong re- 
actions is presented in the following Fig. 1. 

The particles are represented in several columns according to the value 
of s. In ordinates the rest masses of the particles are given, in units of the 
pion mass. 
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Fig. 1-11°7. — Classification of the Fig. 2-11°7. — Extension of Fig. 1 to 


pions, K-mesons, nucleons, and hyperons. 

The vertical scale is the mass in units 

of the pion mass. Electric charges are 

indicated, that in parenthesis being 

suggested but not established. Dashed 

arrows indicate known decay processes 
(from [10]). 


include various reactions. Solid vertical 

arrows indicate fast processes; for 

production of particles the arrows point 

upward, for disintegrations, downward. 

Threshold or Q value (in the centre of 

mass system) is indicated by the length 
of the arrow (from [10]). 


Considering a production process in which the initial particles are pions 
and nucleons, one may say that for any new particle produced among the 
ones of column s=—1, a particle in column s = + 1 has to be produced; 
for any particle produced belonging to the column s = — 2 (at the moment 
there is only the cascade particle) two particles in the column s = + 1 have 
to be produced; and so on. On the contrary in the absorption reactions for 


any particle absorbed belonging to column s = —2 two particles must be 
produced in column s = +1 (plus any number may be produced of course 
in column s = 0); or four particles in column s = + 1, one in column s = — 1 


and any number in column s = 0; and so on. 


Fig. 2 is an extension of Fig. 1 in which several strong processes 
A 
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constructed following the above criteria are indicated: the threshold, in the 
case of production, and the energy release (both in the centre of mass system) 
are indicated by the length of the arrows in units of the pion mass; for example 
a pion hitting a nucleon may give rise to a A, K pair with a threshold of 
~ 890 MeV; or to a 2° and two K* with a threshold of 2.21 GeV and so on; 
and a À interacting with a nucleon may give rise to a A° plus a nucleon. with 
an additional release of energy of 75 MeV; a & interacting with a proton 
gives rise by a fast process to two A°®s with an energy release of ~ 30 MeV; 
and so on 


11:58. — Weak and electromagnetic processes. À 


We now want to see what happens if besides the strong interactions also 
the weak ones are present; the processes which may take place only through 
the intervention of the weak interactions will be called slow. Since the weak 
interactions are assumed not to conserve 7; (or $), the slow processes will 
violate the conservation of 73 (or $). 

The decay processes of the new particles may now take place. They have 
been already reported in Fig. 2-11°7 by dashed fines. 

Their rate will be determined by the magnitude of the weak interactions; 
this will be discussed later (Chapter 16) but we have already said—and we nad 

repeat it here—that agreement with the observed rates of decay is obtained x 
if the order of magnitude of the weak interactions is assumed to be not very 
different from that of the so called Universal Fermi interaction. AS 
Of course the weak interactions may in principle give rise also to production 
processes of new particles by processes which may violate the conservation 
of S. However such processes may be neglected in ordinary experimental con- 
ditions, having the same order of magnitude of the inverse 6 decay. 
Finally we complete the scheme introducing the electromagnetic inter- 
actions. Processes which.take plaee with the intervention of the electromagnetie sa 
interactions will be called « electromagnetic ». ies 
We want first to consider a situation in which only the strong and electro- fx: 

magnetic interactions are supposed to be present and show that the conser- — vy > 
| vation of 7, (that is of S) still holds when some assumptions are made on the | 
È form of the electromagnetic interactions, (though of course the conservation _ 
I of 7 is not valid). ‘Therefore in such a situation decays of the new particles 
È cannot take place, since such decays take place with changes of 8S. This is 
x satisfactory because if the strong and electromagnetic interactions alone were 
FA able to produce the decays of the new particles, the rates of such decays 
should probably be much larger than observed. NT Pie 

To prove the above. statement, namely that the electromagnetie inter- . ra 


\ 
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actions while violating usually the conservation of T still conserve The 
assumption which we make [5] is the following: the lagrangian including 
the strong and electromagnetie interactions is obtained from the lagrangian 
of the strong interactions only by the substitution 


(118) za, 


Di— se Di-iq:A,(x)D', 

Of, 
whenever the operator 0/0, is applied to a field operator ®*; in (1) q, is the 
charge annihilated by the field operator ®f in question or minus the charge 
created by the same. 

Consider now the original lagrangian of the strong interactions. We may 
imagine it to be written as a sum of difierent products of creation and an- 
nihilation operators of the various intervening particles, each product con- 
taining possibly derivatives 0/00, of the operators. In each product the 
numbers of creation and destruction operators ©‘, d’* must be such that the 
total strangeness is conserved. The fact that the total strangeness is con- 
served depends indeed only on the above numbers. 

But the electromagnetic terms obtained from the product in question 
through the substitution (1) all contain the same number of creation and 
destruction operators as the original product, except for the appearence 
of A,(x) factors. Therefore the lagrangian obtained from the strong inter- 
action lagrangian through (1) also conserves the strangeness. 

We notice, that, in principle one might consider more general electro- 
magnetic interactions than the ones obtained by (1). It is possible to construct. 
such interactions in a gauge invariant way, and at the same time in such a 
way that they do not conserve the strangeness. For instance if Yx+ 18 the 
destruction operator of a X* and y* the creation operator of a proton, an 
interaction like 


(2-11°8) APS VO pe Pol sy F, = electromagnetic field, 
would be gauge invariant but would not conserve the strangeness. The as- 
sumption (1) means that an interaction like (2) has to be excluded «a priori » 
from the theory. To this assumption GELL-MANN has given the name of 
«principle of the minimal electromagnetic interaction » meaning by this that. 
the electromagnetic field does not possess any other interaction with the 
particles except the usual one obtained through (1) which is just that with 
the usual fourcorrent of charged particles. 


Having shown that a theory constructed only through the strong and 


electromagnetic interactions conserves (under the assumption (1)) the strange- 
ness, the electromagnetic processes may be divided in two kinds: 
\ 


£ | 
Do liti 
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a) strong electromagnetic processes which imply only the strong and electro- 
magnetic interactions or possibly only the electromagnetic ones, and which 
conserve the strangeness (e.g. photoproduction of new particles); 


b) weak electromagnetic processes which imply in addition the weak inter- 
actions and which do not conserve the strangeness (e.g. radiative decay of a 
new particle). 


Both for processes a) and b) we may say in a crude way that, usually, 
their rates will be reduced with respect to those of the corresponding strong 
or weak processes by a factor of the kind (e?/he)"; so the photoproduction of a 
K~ and A° from a nucleon is expected to have a cross-section 1/137 that of the 
corresponding process induced by pions and the decay of a new particle with 
the emission of a photon is expected to be slower than the one without such 
emission by a factor 1/137. Of course the above statements are only crude 
ones, and have to be discussed better in any single case. The point is how- 
ever that the introduction of the photon (under the assumption (1)) does not 
change the classification in strong and weak processes and in particular does 
not lead to fast electromagnetic decays of the new particles. 


Li 
1169. — The possibility of including other particles in the scheme. 


It may be finally asked [5] whether if another new particle is discovered which 
‘decays slowly and is produced abundantly it may be fitted in the scheme; in | 
other words how much space is available in the Gell-Mann and Nishijima 
scheme for other new particles. 

If we confine ourselves to particles with a charge not larger than one, ¢ 
can assume only the values 0, 3} and 1. The value of « corresponding to each 
value of the charge for any one of the above t values may then be easily 
. determined. 

If we maintain that: 1) only those w values are possible which are the 
same for the particles in the different charge states of a given isotopic spin 
and 2) that the charge multiplicity for a given # must be 2t+1 it appears that 
the only possible assignments in the Gell-Mann-Nishijima scheme are the 
following. 

If we require that no two different bosons, nor two hyperons may exist 
which have the same charge and the same strangeness (in which case a strong 
electromagnetic decay would take place unless slowed by some special mecha- 
nism) we see comparing the Table I that only a few places are actually at the 
disposal of other new particles; namely, both for the bosons and for the 
hyperons only the assignments in row I and VI; all of these have u= +2. 
We conclude that there is still place in the theory for particles with « = + 2 
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and corresponding signs +1 of the charge but not more (*). In terms of 
strangeness, using (4-11°6, 5-11°6), we may therefore have a negative 
baryon of strangeness —3 and a positive one of strangeness +1, and the 
corresponding antibaryons; a negative boson with strangeness — 2 and a posi- 
tive one (its charge conjugate) with strangeness +2. 


TABLE 1-11°9. — Possible assignments in the Gell-Mann and Nishijima scheme under 
the assumptions 1), 2) (see text). 

uw q t 
I —2 — ] 0 
Lh — 1 — 1, 0 + 
III 0 0 0 
IV 0 — 1,0, 1 1 
Vv 1 0, 1 1 
VI | 2 ES 0 


We finally notice that the ‘imitation to u <1 would exclude all the pre- 


sently unobserved particles (+). 
There is at the moment no really compulsory theoretical reason for such 


a limitation, although it may simplify the theory [14, 20]. 


11°10. — Mathematical formulation of the Gell-Mann-Nishijima scheme. 


The scheme of Gell-Mann and Nishijima may be simply expressed in la- | 


grangian (or hamiltonian) form (*); to each of the particles with which we 


are dealing a field operator is associated: the task is to write down the inter- 


actions between such fields in such a way that they «contain» all the con- 


| servation properties postulated in the scheme of Gell Mann and mal 


siete we nr aa to write down the strong interactions; how to 
agnetic interactions has been Are eee and | 


egg EAS de ho ate RE 


Rotor ete ui mr” 
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The most straightforward way to write down the lagrangian of the strong 
interactions is, following [15], simply to re-express step by step what has been 
said in Sect. 11°4 and 11°5. The field associated to each strongly interacting 
particle is characterized (not only by certain space spin properties, but also) 

= by its transformation properties under rotations in a threedimensional orto- 
gonal space, the space of the isotopic spin. 
$ These rotation properties are characterized by the eigenvalues of £ and tz 
| which are assigned to each particle in the way indicated in the Table 1-11°5; 
thus the fields K, N and E transform as two component (iso)spinors, x and & 
as (iso)vectors and A° as an (iso)scalar, under rotations in the isotopic spin 
. space. i 
From now on in this section a (destruction) field operator y,(x) for the 
particle A will be simply indicated [15] by A; se instead of y,.(v) we shall 
write A°; instead of 


sul te) or of rat = À 


Fa ar tp 


< 

ti 

= 
Saas 


Yn(2) 


we shall write 


| Sie “Fra 

Similarly: | est 
K* IN TA) 

È. ET = Za ’ =|{T2]}, 


\Za Pata T3 


— 


dor the K particle spinor, for the x vector SI for the x vector. In the last. s vi 


two cases a components of these vectors are related to the operators ba 
È ive y Ta nm, n° by di usual Rest REX. 


Meine 


618 C. FRANZINETTI and G. MORPURGO 


The (destruction) field of an antiparticle will be indicated by a bar; so, for 


SE 
Ke n Wa 


Using the above fields one asks to construct the interactions between 


instance, 


them in such a way that: 


1) The total charge is conserved, that is the Lagrangian is invariant 
under the transformation y, > exp [ixg]y, for any charged field operator y, (*) 


2) The baryonic number is conserved; that is the lagrangian is invariant 
under the transformation y, > exp [ifply,, where y, is a baryonic field. 


3) The invariance under particle antiparticle conjugation is satisfied. 


4) They are invariant under rotations in the above mentioned three- 
dimensional isotopic spin space (*). 

Let us confine to threelinear interactions, although this is not necessary, 
and begin by satisfying points 1) and 4). 

We remark first that, given a spinor u= «, (A = 1, 2), the transformation 
properties under rotations of the spinor « and its complex conjugate u* are 
not the same; more precisely u* transforms as «, and u* and — u,; otherwise 
expressed «* transforms as ir, under rotations. 

With this in mind we may construct all the charge conserving, rotation 
invariant threelinear interactions, by the standard technique of the Clebsch- 
Gordon coefficients. Consider as an example the usual interaction between 
pions and nucleons. Through the spinor N and the complex conjugate spinor N 
(to conserve nucleonic number) we may construct the three quantities: 


id at Me 4 ne, 
(2-11°10) —mp, MH DP). pn, 
which transform under rotations respectively as the M= 1, 0, — 1 component 


(*) Here lies the difference between Salam’s [15] and d’Espagnat-Prentky’s [14] 
points of view; the last mentioned Authors in fact, instead of requiring from the start 
charge conservation, require the invariance of the strong interactions with respect to 
isotopic reflections (in addition, of course, to the invariance with respect to rotations, 
point 4) below); they then show that the conservation of charge follows automatically, 
provided that the isotopic reflection properties of the various partieles are appropri- 
ately chosen, that the interactions are threelinear, and that particles with w > 1 do not 
exist; RACAH [17] and MuRAI [18] have given a simpler proof of these points. 

(*) Of course Lorentz invariance is assumed; in the following the attention will 


be focussed, however, on the problem of constructing isotopic rotation invariants. 
x 
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rr SF. a RENTRER | | 
of Y,. A charge conserving invariant may then be constructed with the 
pion field: 

it 


Le 1 = ] 
— —— npr, —(— nn yp)? , — port 
V3 ay + PP) pe! 


where it is assumed that x, x°, x transform again as YY respectively. Re- 
calling the decomposition (1-11°10), we have finally: 


Mrs e 1 
— (np + pn)m, — (pp — nn)x, + —= (np — pn)r, 
\/6 V6 Vo 


which is (more concisely) proportional to: 


VA 


TNT 


where t= (t,, T, 73) are the Pauli matrices. 

As another example let us consider the interaction between =, K and >; 
the construction of the invariant interaction is completely similar to that of 
the previous one, the Z isovector replacing the pion. There is however a dif- 
ference in combining the spinors E and K beçause one has to do now with 
two spinors and not with a spinor and a complex conjugate spinor; therefore 
the three components of the spherical harmonic of order one which replace (2) 
are respectively: 


EK+ , _(EK* + 2K), E K. 


Combining these with the & operators the charge conserving rotation in- 
variant combination is: 


ai SI 1 < L _ 

RER SR (KR eK eyo ERI 

VE ve | a ) V3 
Using the complex conjugate of equation (1-11°10), we get: 

as E i = 
PUCES prete GRAS, SE (ERI RL DERE Da 
= (2°K K°)2: NA Fa ai o Za, 

which is equal, apart from a proportionality factor to: 


ix: Ertrz.K 


In a similar way all the possible threelinear interactions may be easily 
constructed; hermiticity may be insured adding the hermitian conjugate to | 
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each interaction and invariance under particle-antiparticle conjugation adding 
to each interaction its conjugated one; it may be shown (compare [15]) that 
the requirement of invariance under particle-antiparticle conjugation implies 
that the coupling constants must be real. 

The interaction lagrangian turns out to be a sum of eight different terms, 
with eight different real coupling constants; four terms imply interactions 
between pairs of baryons and pions, four between pairs of baryons and K’s. 
We shall not write here the lagrangian explicitly (one may find it in the 
references quoted [14, 15]) noting that what is interesting is not so much, 
at the moment, its explicit form, as the possibility which one has of giving 
a mathematical structure to the scheme of Gell-Mann and Nishijima. 

Concerning the lagrangian itself there is not much, presently, to be done 
with it; one may attempt of course perturbation calculations (the scattering 
of K+ by nucieons will be reported, as an example, in Sect. 19°3); however in 


i view of the uncertainties in the spin parity assignments to the various particles 
i and of the complete indeterminacy of the eight constants involved (which 
Ei, may also be more than eight if, for instance, two kinds of K exist (compare 


Chapter 12)) this is not a very brilliant program. 

Some attempts are in course of evolution aiming to find relations between 
the eight (or more) coupling constants. The general idea is to require that 
the lagrangian must have a greater degree of symmetry; such symmetries 
as well as the various methods to obtain them have been examined in a forth- 

MK? coming paper by D’ESPAGNAT, PRENTKY and SALAM [19] to which we refer. 

Such paper discusses also the relation between the approaches based on 

considering isotopic rotations in three dimensions and those (for instance 

SCHWINGER [20], MATTHEWS and SALAM [21]) based on postulating some kind 

of invariance under four dimensional isotopic rotations, always in the frame 

of the Gell-Mann and Nishijima scheme. 

ao It must be emphasized that in all these approaches for any new particle 
È _ a new field is introduced and the lagrangian is written as a sum of lagrangians 
of the various partieles plus their interactions; in other words each particle 
is accepted as it is and no attempt is made to predict in any way its properties, 
such as its mass and spin. This situation is not new, because the same holds 
already for the old particles, but it is clear that with the increasing number 

of particles it becomes more and more unsatisfactory; in this sense attempts of 

the kind of that of RAYSKI [22], who, attributing a structure to the bare 
particles and writing down wave equations for such structured particles tries 
to derive the mass values from an n eigenvalue problem, depart from the con- | 
ventional line. 

To conclude we may say that it is possible to give a SIENA expres- 

_sion to the scheme of Gell-Mann and Nishijima; it does not seem however 

je possible to learn at present much from such a mathematical formulation. a 


cons 
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CHAPTER 12. 


The Problem of the Bosons. 


12:1. — Introduction. 


We now come to a question which was left open in the past sections; we 
recall that, in developing the general theory we introduced a K°, a K+, a K° 
and a K7; we called K° the boson produced strongly with a A° and K its posi- 
tively charged partner; moreover two other bosons were introduced, K° and K= 
the charge conjugate of the previous ones; these four bosons have strangeness 
S= +1 and isotopic spin 3. Now we may ask if the above four bosons cover 
the totality of the observed heavy mesons which have been discussed in 
Chapter 2, 3 and 4; in other words we may ask whether or not all the observed 
mesons are simply different decay modes of the four bosons introduced above. 

We shall fix our attention, in this Chapter, on the positively charged 
bosons, for which the experimental situation is clearer; however on account 
of what we have said in Sect. 11°2 (compare also Sect. 12°6) it is presumable 
that the same arguments are appropriate to the case of the negative bosons; 
for the neutral bosons the situation is more involved and the problem of the 
neutral bosons will be discussed separately (Chapter 14). 

As discussed in Chapter 2 we know presently five kinds of positive heavy 
mesons; they were denoted as Ki, K*,, Ki Kb Fà: 

The bosonic character of all these mesons appears to be established, from 
their decay modes. The question is if all these different kinds of decays are 
different decay modes of the same boson K* which was introduced, or if two 
or more different positive bosons are necessary to explain the different kinds 
of observed decays. 

It was pointed in Sect. 2°2 and 2°5 that all the observed kinds of decay 
correspond, inside the present experimental errors, to the same mass and the 
same lifetime. Here we want first to take the point of view that the future exper- 
iments confirm the lifetime identity and only in Sect. 12°4 discuss the situation 
if this will not be so. 


If the mass and lifetime are equal, it appears at first presumable that the | 
x 


À 
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different kinds of decay should be simply different decay modes of the same 
boson. This conclusion appears to receive support from two other facts: 


1) If a beam which contains certain definite fractions of the different 
kinds of positive bosons is scattered from nuclei, the fractions are unchanged 
within the experimental error (presently 30%); the relevant experiments will 
be described in Sect. 19:2. 


2) The fractions of the different kinds of positive bosons in a beam 
appear to be independent of the energy and of the nature of the particle 
producing the beam. This conclusion appears from an inspection of the 
Table 1I-2°3. 


At this point however a difficulty is encountered which is not easy to solve 
and has been the origin of mueh thinking; the difficulty lies in the fact that 
for concluding that different kinds of decays correspond to different decay 
modes of the same boson, it seems necessary that, besides satisfying all the 
previous conditions, they have the same spin and the same parity; but, as 
we shall see this does not seem to be the case in the present instance. 

Let us consider just the K+, and the K*,. For the K}, the parity is directly 
determined by the orbital angular momentum gf the two final pions, which, 
if the angular momentum is conserved in the decay, is equal to the spin S of 
the K_,; so only the following spin parity assignments are, in principle, pos- 
sible for the K_,: se 


(1-12°1) ie eee EAM as ae ie CRE” 


In addition the 1 —, 3 — ete., assignments are impossible in view of the result 
of the OsHER et al. [1] and SCHWARTZ et al. [2] experiments, which indicate 
that the K°, decay into two neutral pions exists. 

For the K+ , the analysis of the angular and energy distribution of the decay 
pions which will be presented in Chapter 13, shows that only the values: 


(2-121) RE 


are probable. 
Therefore if we believe in the analysis mentioned above, re to the 


| result (2), the Kt, and the Ki, must differ in spin and/or parity and cannot 
be different decay modes of the same particle. 
This being the situation two possibilities appear to exist: 


1) The approximations which are necessarily introduced in the analysis : 
leading to the result (2) for the Ki, do not represent correctly the physical >: 
situation: in other words the result (2) of such an analysis is not correct; in 
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such case K,, and K may have the same spin parity assignment and all the 
kinds of decays may be interpreted as different decay modes of the same boson. 


2) The result (2) is correct; then some explanation must be found for 
the equality of the mass, of the lifetime, of the scattering cross-section and 
of the energy dependence of the production cross-section of the various kinds 
of bosons. 


The preferred attitude has been generally the second, because no serious. 
objection appears against the results of the analysis of the Kz, problem. There- 
fore several attempts have been made to explain the Sr equalities 
in behaviour listed above. Such attempts will be described in the following 
sections and are essentially three (*): 


“SENI a) Lee and Orear’s cascade assumption. 


b) Lee and Yang’s parity doublet model. 


c) Bludman’s attempt. 


In view of the fact that no one of these attempts seems to be really satis- 
factory, and each introduces some complications, the possibility 1) has 
also been considered, to see if there is some reason which may make unreliable 

the analysis of the K*, problem leading to the assignments (2). This part of | 
ica the discussion will be Rae after the presentation of the analysis cf the 
‘8: Ki, problem (Chapter 13). It may be however anticipated that up to now 
_ no serious argument against the assignments (2) has been found. 
; _ We shall proceed in the following sections to discuss the models, listed above. 
as a), b), c), constructed to explain in some way the similarities in behaviour 
oa ot the various kinds of bosons which appear very unexpected if the Ki, and 
_ the K}, differ in spin and/or in parity. 
Of course a possibility which may solve the difficulties, is to assume [3] 
that we have to do with one boson only and that the weak interactions, res- 
ponsible for its decay do not conserve the parity; this possibility will be dis- | 
cussed in Sect. 12°5, and might be the final explanation of the problem. —— 
ù Apart from this possibility all the other attempts a), b), e), to explain the | 
sw situation, assume the existence of at least two bosons, differing in spin and/or 
| P pas We shall call these bosons Ko and Ki (+), ene by Ke Bist boson | 
A pan x 1 N 
Mo, QE ‘he fono existence of a n° with opposite pani as the TESS, one ehh 
| SS considered; it Fri be semina that, if such n° has t=0, as 1e should believe, 
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which may decay with the 2x decay mode and possibly by other decay modes 
(uv, pvr, evr) but not by the 3x decay mode; and by K? that boson which 
may decay in the 37 decay mode and possibly by the other decay modes men- 
tioned above, but not by the 27 mode. The word possibly has been used 
because the decay modes pv, ur°v, ex°v may be attributed to the Kj and KZ, 
or may be due to a third or fourth different boson. For the moment we shall 
however assume that the two bosons Kg and K° are sufficient to explain all 
the decay modes. 

The question which the models a), b), c) try to answer is then: why have 
K, and K° inside the experimental errors the same mass, lifetime, scattering 
cross-section and energy dependence of the production cross-section? 


12:2. — The model of Lee and Orear. 


The fact that two bosons having different spin and/or parity have the same 
lifetime is a very strange one; so LEE and OREAR [4] have tried to avoid this 
apparent consequence of the experiments (*). Lee and Orear’s starting point 
is that the present experimental evidence does not imply that the two bosons 
Kj and K? musthave the same lifetime, if one of the two has a lifetime much 
less than 10-* s; in fact the equality of the lifefimes of K*, and K+, has been 
proved until now only in so far times of fiight longer than 10 s are concerned. 

With this in mind they make the following three assumptions: 


1) There is a small, at present undetectable, mass difference between 
g and K+ (the most recent determinations say that it cannot be larger than 
~1 MeV). 

2) The heavier of the two (we call it K_ whatever it is) may either decay 
directly into pions (or muons or electrons), or may decay into the lighter. of 
the two, K_, by emission, for example, of y-rays so as to carry away the 
difference of parity and/or spin: the branching ratio between the two possi- 
bilities being significant. 


3) The lifetime of K_ (to be denoted by +.) is almost identical with the 
‘experimental value of the lifetime 1.1-10-*s (as measured for times of flight 
longer than 10-* s); on the contrary the lifetime of K_ is much smaller; say 
less than 10°? s. 


If these conditions are fulfilled it is easy to realize that, though the life- 


(*) This section was written at a time in which this model appeared as a pos- 
‘sible explanation of the facts; now this is very improbable; still we have not modified 
this section, because the history of these attempts appears to us rather instructive. — 

We thank Prof. N. KroLL for several discussions on this model, during his stay 


in Rome (winter 1956). | pos 
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times of K_ and K_ are different (point 3 above) they appear to decay with 
the same lifetime for times of flight larger than 1078 s. 

In fact for times of flight larger than 10-8 s all the K_ directly produced, 
if there are, have decayed, and what one observes are either the direct decays 
of K_ or the decays of those K_ which have been produced, according to point 2) 
from the decay of K_; but since the lifetime of K_ is much smaller than that 

of K_, the average time that the 


Ke’ + Y decay mode K_ produced from the decay of K_ 

nm spends before decaying is much 

Y M n° smaller than the average travel time 

6 Ke ie of the K_, so that both appear 
Ke i 5 me” to decay with the same lifetime. 
Na Fig. 1 illustrates the situation; 

n ka decay mode here times are proportional to the 

Fig. 1-122. length of the segments, and for 


detiniteness we have assumed that 

K_=K, and K_=K;; © is the production target in which both Ki and K= 
may perhaps be directly created; however the K_ live very little, decay in 
the vicinity of the target and are not detected; on the contrary the K/ travel 
much longer times (~ 10-8 s) and when they decay may go either into Kg or 
into three pions with a reasonable branching ratio; this is represented by 
indicating in the figure at point O the two alternative 
ways of decaying. After the K* has decayed electro- Kn 
magnetically into the Ky, the Kg so produced travels = 
a very short distance and then decays; and the total 
time of tlight (from the target) of this Kj does not 
differ appreciably from the time of flight of the 
Ki, as it is indicated by the figure. The same 
situation is described, on an energy level diagram Fig. 2-12°2. 
in Fig. 2. 

In order to discuss the model in more detail we must give estimates of 
the mass difference between K_ and K_ needed to give reasonable values for 
the branching ratio: 


37 27 


_ rate of (K_ > K_ + y-ray(s)) 


(1-1272) = ‘ 
rate of (K_ decays directly) 


The experimental value of 0, cannot be given exactly because we don’t 
know how the decay modes other than the 2x and 3x have to be assigned to 
K, and K_. Furthermore we do not know if K_ is K, and K is K, or vice- 
versa. However o should be comprised between 10 and 10-1, on the basis of 
the known values (Sect. 2°3) of the abundances of the various decays. In other 

x 
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words the lifetime of the process in the denominator of (1) is 10-8 s and that 
in the numerator should be in between 10-7 and 10-? s 

To give an estimate of the mass difference AM needed to give a value of 0 
of the order of magnitude just mentioned let’s first assume that Ki and Ki 
have the same strangeness, in fact have strangeness 1. Of course the strange- 
ness of K_ must be 1 because this meson has to be identified with the one 
strongly produced, and for this the discussion in Sect. 11°4 is valid. 

Assuming then K_ and K_ to have the same strangeness, an estimate of 
the rate of the process in the numerator of (1) may be obtained [5] using the 
approximate formulas given by Weisskopf for the discussion of the electro- 
magnetic transitions in the nuclei; one has to keep in mind, however, that 
these formulae disregard completely the detailed structure of the K_ and K_; 
moreover they depend on a «radius » À assumed for these particles which is 
not known; for all these reasons the estimate may be extremely crude. 

Two cases have now to be distinguished: 


1) That in which K_ and K_ are assumed to have both spin zero and 
opposite parity, so that two photons must be emitted in the transition. 


2) All the other spin parity assignments, for which a photon is sufficient 


to produce the transition. 


# 
In the first case the lifetime for the decay K_ >K_+-2y is given by: 
1 R(AMc 
2-12°2 SAI 
. (2-12°2) reel n) ; 


where AM is the mass difference and R is the radius of the two particles; « is 
the fine structure constant. 

For a value of R as large as 0.7-10-! cm one obtains in this case that the 
minimum value of AM capable to give rise to a sufficient rate for the process 
in question is ~ 5 MeV which is definitely excluded by the experiment. The 
lifetime 7, as given by (2) for AM=5 MeV and R=0.7-10-! cm is in fact 
— 10-8 s and since (2) depends from (AM)? a value of 1 MeV would give rise 
to a value of 7 definitely too long. 

Therefore the case 0+, 0 — is not acceptable, on this model. If on the 
contrary the spins of K_ and K_ are such that one 2° pole photon may be 
emitted, the lifetime of the transition K_ > K_4-y is: 


NM 
(3-12°2) T, lE 4 puen!( = x) 1 


Here with a mass difference AM of the order 10 to 100 keV the values of T; 
for 1 — 1, and 2 with the R value mentioned above result to be — 1078 s. 
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Such a small mass difference is inside the experimental error. Therefore 
such assignments as K, = 0 —, K,=0+4 or 23, 2+ or 2—, 0+ to remain 


in the field of the low spins would still be possible in principle . 

In this discussion we did assume that the strangeness of K_ and K_ were 
both 1. If we now suppose the strangeness of K_ to be different from that of K_ 
the process in the numerator (1) becomes more slow, (AM remaining the same), 
by a factor say 10; therefore AM should be increased and, even in the second 
case, it becomes larger than the experimental error. So this assumption ap- 
pears to be excluded. 

We want to stress again that the above discussion is very crude; for instance 
one could not exelude at the moment a radius À larger than 0.7-10-* cm. 

We believe indeed that, if independent evidence were available for the 
model, the above estimates could not be taken as absolutely excluding even 
the case 0+, 0—. 

We want to examine now if, having disposed of the mass and lifetime 
equality in the way which we have seen, the Lee-Orear model is capable of 
explaining the equality in the scattering cross-section and the equality of the 
energy dependence of the production cross-section of the various kinds of 
bosons. 

As far as the scattering cross-section is concerned the answer appears to 
be positive: in fact it is just K_ which is scattered because K_ decays near 
to the production place, so that the ratios between the different kinds of bosons 
should remain unaltered in the scattered beam. There is however a diffi- 
culty. If K_ and K_ do have the same strangeness the reaction 


(4-12.2) Kb = Karen 


being a strong reaction may take place with an appreciable cross-section; if this 
is the case one should notice an increase of the ratio (number of K_)/(num- 
ber of K_) in the scattered beam with respect to the non-scattered one. However, 
the present errors are still large and if the matrix element for the process (4) 
is two or three times smaller than that of the process K_+nucleon + K SER 
cleon the variation of the above ratio may have escaped detection. 

The same may be said for a shortening of the lifetime of the scattered K* 
with respect to the non scattered ones which should be present if the reaction (4) 
may take place; presently there is not evidence for it but the data are much 
too poor. In future, however such effects should be observed if the Lee-Orear 
model is valid. 
| The equality of the energy dependence of the production cross-section of 

the various kinds of bosons is explained by the Lee-Orear suggestion. 

The bosons which we see (at reasonable distance from the target) are in fact 
only K, so that things go as if the various kinds of bosons were different decay 
modes of just one boson. i Fi gee ESA VELI 
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Finally we want to discuss other experimental possibilities to test Lee 
and Orear’s suggestion. These are essentially three: 


1) A direct determination of the masses of the decaying particles from 
measurements on the secondaries. 


2) A direct proof of the existence of K* particles with a lifetime much 
shorter than 1078 s. 


3) Detection of the y-rays emitted. 


As far as point 1) is concerned the measurements presently indicate that 
the mass of the K~, and of Ki, as determined from the ranges of the secondaries 
are respectively (962.841.8) and (966.3+0.7) electron masses (Table I-1°2), 
so nothing can be said. Considering point 2) according to the cosmic ray plate 
evidence there is no indication of a K* component of lifetime between 5-10-1! 
and 10-° s which, if present, would be detected, in the same way as 2+ may 
be detected and their lifetime measured; an indication from the Wilson chamber 
experiments for a K component with a lifetime less than 10-° s does not rest 
on safe ground. Of course the possibility remains that 7_ is less than 5-10! s. 
For point 3) an experiment described by ALVAREZ [6] at the Rochester Con- 
ference 1956, shows that no y-rays with an energy larger than 0.5 MeV are 
associated to the K, decays; so if K_ is the heavier boson it should: differ in 
mass from K, by less than 0.5 MeV; of course the possibility has also to be 
examined that Ky is heavier than K_ 


12°3. — The parity doublet model of Lee and Yang. 


We have seen that the model by Lee and Orear tries to avoid the circumstance 


that two particles of different spin and/or parity decay with the same life-, 


time, a fact which would be very strange. LEE and YANG [7| instead fix their 
attention, in another paper, on the equality of the masses of the two bosons 
and, assuming that the two bosons differ just in their parity and not in their 
spins, they argue that such a coincidence of masses should be an indication 
of some more general invariance property of the theory; they investigate the 
consequences of such an invariance. pi 

The invariance property postulated by LEE and YANG which, of course 
contains the mass coincidence as a particular case is to assume that the part 


of the hamiltonian including all the strong interactions is invariant when the — 


operation is performed of exchanging the K, with the Kg. 
Such an operation is called « parity conjugation » and is denoted by Cos 
The formal expression of the above invariance property is that the strong 


f 
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interaction hamiltonian commutes with 0,. For this to be possible it is how 
ever necessary that, besides two kinds of K with opposite parities, K_ and Kg , 
also two kinds of A° with opposite parity exist, say A°, A° and two kinds of 
Y°s with opposite parity X, X. The operation 0, exchanges simultaneously 
. a 
Kj with Ki, A° with A°, X with X; as we have said the strong interaction part 
+ = + = 
of the hamiltonian commutes with C,. It may be shown easily that the rates 
of production of Kj and K- are in this scheme the same under all conditions; 


so are the rates of production of A® and A° or of X and &, although it is by 
+ - - = 


no means true that a K, has to be always produced together with a A° and 
+ 
a K° together with a A° or viceversa. 


The difficult point in this model is to explain the experimental equality of 
the lifetimes of the Kg, Ki; the model does not give any reason why they 
should be equal. 

The first attempt of LEE and YANG was to try to reconcile the parity 
doublet idea with the Lee and Orear explanation of the lifetime equality. 

This is however not possible for the following reason: the only mass dif- 
ference between Kg and Ki which may be present in the model must be 
attributed to the weak interaction part of the hamiltonian, which cannot, ot 
course, be invariant under parity conjugation. It should therefore be of the 
order — 10-5 eV, which is not reconcilable with the Lee and Orear model. 

If also the electromagnetic interactions were not invariant under C,, one 
might obtain mass differences as high as a few MeV; but there is no reason 
for this; in particular [8] any minimal electromagnetic interaction (Sect. 11°8) 
is invariant under parity conjugation. 

Therefore no convincing reason is really given for the equality in the life- 
times: this is the weak point of the parity doublet model. 

Of course if the lifetimes of K°, and K°, should turn out to be different, the 
model would acquire a particular interest notes for this also the next section). 

Notice also that the lifetimes of ut and X* (and the lifetimes of 2, 27) 


should in general be different, according to the model; the experimental evi- 
dence is against this; the results of the Berkeley experiment [9] are consistent 
with a unique lifetime for the X* (and also for the D>). 

Also in the neutral boson component, as we shall see (Sect. 145) no evi- 
dence for a parity doublet structure appears [2]. 

A possible check of the model has been suggested by LEE and YANG [10] 
(compare also [11])); it is based on the analysis of certain angular distributions 


in the decays of polarized hyperons and will be discussed in Sect. 15°5; at — 


present it does not furnish, any support to the model. 
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12°4, — Bludman’s remarks. 


K- and 


T2) T3 


Though all the experiments show that the lifetimes of the K+ 
Ki are equal within say 20%, one may still believe that differences of 
this order of magnitude exist. Of course if the K/ and Kg lifetimes should 
finally turn out to be different the strong objection against the parity doublet 
model—that it does not explain the equality of the lifetimes—should not hold 
‘any more; then, one should be sure that two particles are necessary to construct 
‘the theory (*). 

We want now to show, following BLUDMAN, that in a two boson model 
:a difference in the lifetimes would be reflected [12] «) in the fact that the Ko 
‘decay curve would be not a pure exponential but a composite decay curve, 
:5) in the fact that the branching ratios into the various modes would depend 
‘on the time of observation. 

If only two heavy bosons are assumed to exist the total rate of decay 
fh, = 1/1, of K. is the sum of the rate of decay R,, into the K_, mode plus the 
rate of decay R,, in the K,, mode; similarly the total decay rate Ry= 1/7, of 
K, is the sum of the rate of decay R,, in the K_, mode plus the rate of decay 
f,, in the K,, mode; we disregard here the other decay modes 

Thus: È 3 


[Reese 


Ou. 


La ERRE. 
(1-124) 
Re =e Ro» "i Roy 


Now from the decay equations of Kj and K/ it is possible to prove the 
following : 


1) The decay modes Kz, and Kz, have lifetimes 7, and respectively T; 
given by 


(2-12°4) PR pg Tee Rh 


The lifetimes of such modes are just the lifetimes of Kj and K}. 


2) The decay mode KE , is not formed with an exponential law. If we 
call f the (percentual) métal of K, originally created and 1 — f the fractional 
number of K,, then the number of K,, decays in the K,, mode per unit time 
at time ¢ is: : 


(3-12°4) vet) = Rey exp[— Rt] + (1 — f) Ro, exp i Kg] - 


| (*) The time behaviour of a beam of K+ according to the parity doublet model 
has been studied in detail by ARNowrrr and TeurscH: Phys. Rev., 105, 285 (1957). 
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If then an experiment is made with the usual techniques to measure the ap- 
parent «lifetime » of K,,, between the times ¢, and #,, the « lifetime » in question 
T (tits) depends on the individual values of t, and t, which are chosen for the 


experiment. 


3) With the same meaning of f as above the branching ratios between 
the numbers of K_,, K_, and K,, modes which are observed if an experiment 
is performed which is able to discriminate all those decays which take place 
between the times, say #, t,, depend on these times (*). 


The foregoing formulae prove the assertions at the beginning of this 
section. Careful experiments might perhaps try to test the possibility of the 


(*) These statements may be derived in this way: call N_(t) and Ny(t) the percen- | 
tages of K, and Ky present at time # if f and 1 — f are their initial percentages. They 4 : 
satisfy the equations: 


—N, =RN,, —M = RgNo - 


Call then the numbers of decays K_,, K_,. K,,, up to time t respectively N,(t), N3(t), Nu(t). 
These satisfy the equations: i 


nb ges ta 


Nt) = RoNott)s = Mt) = RaN (Es NO) = RON) + Ry Volt) - 


From these equations we may derive the expressions for the numbers of Tessa Ke 2 
K_3: Kyo per unit time at time ¢. These are: 


vs() = Na) = Ro(1 —f) exp [= Rolls alt) = Nylt) = Raf exp [— Rd]: 
[aul = 0 = JR exp ERA + (1 — Ry, exp LR 


| These expressions contain all the statements below. In particular the total branchin, i 
SISSA ie ne JESI ne the K A a4 ond nae modes may be derived sota them, 
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variation of the K,, lifetime and of the branching ratios; of course, since 
the directly determined difference in lifetimes between K}, and K_, is, if it 
exists, very small, this is not an easy task. 


12°5. — The assumption of non conservation of parity in the weak interactions. 


The fact that no one of the solutions presented up to now is entirely 
satisfactory has recently led [3] to consider another possibility: it is the 
assumption that parity may not be conserved in the weak interactions. Of 
course in principle, this may solve all the difficulties. If the same boson, 
decaying, may give rise both to states with parity —, and states with parity +, 
we may assume that there is only one boson present with spin e.g. 0 and that 
this boson may give rise when it decays both to a state 0 — with three pions 
(K_,) and to a state 0+ with two pions (K_,) (*). Furthermore, writing the 
weak interaction producing the decay of the boson as 


aH, + bH,, 


where H, gives rise to the — parity state and Hyto the + parity state, the 
coefficients a and b may be chosen so that the ratio between the number of 
K_; and K_, is equal to the observed one (compare, on this point also 
Sect. 16°11). 

Of course, in order that the idea is acceptable it must be shown first that 
it does not contradict any known fact and second that it does explain other 
independent facts. The conservation of parity is in fact the consequence of 
the invariance of the physical laws with respect to a reflection of the co-ordinate 
axis and one has to proceed with great caution before giving up such a funda- 
mental invariance property even if only for the weak interactions. 

Practically every phenomenon of atomic or nuclear physics shows that the 
parity is a good quantum number; thus the strong and electromagnetic 
interactions should conserve the parity; LEE and YANG have however 
observed that an eventual lack of parity conservation confined to the weak 
(8 like) interactions should not have been revealed by the experiments per- 
formed up to now. 

The reasons for this are two: 


1) In some experiments the accuracy was not such as to allow to 
determine a lack of parity conservation of the weak interactions. 


(*) As far as the parity of such bosons is concerned this may be fixed conventionally. 
Only the relative parity of the K and of a hyperon is physically significant if parity 


is not conserved in the decay. 
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For example consider the electrical dipole moment of a nucleon which, if 
parity is not conserved, should be different from zero. 

This electrical dipole moment is expected to be of the order eg? times the 
dimensions of the nucleon, where g is the coupling strength of the interaction 
which does not conserve the parity. If such interactions are beta-like inter- 
actions, g? < 10-1” (*), so that the electrical dipole moment in question should 
be less than or equal to e-(10-?5 cm). The most accurate measurement per- 
formed up to now of the electric dipole moment of the neutron only shows 
that it is less than e-(5-10-?! cm). 


2) In other experiments one has measured up to now only quantities 
which would not have revealed a lack of parity conservation, even if present. 
Consider, e.g., the 6 decay of an unpolarized neutron (or more realistically 
nucleus) at rest; the quantities which one can measure in such an experiment 
are the distribution of the energies of the outgoing particles and, say, the 
distribution in angle between the momentum of the electron and the mo- 
mentum of the neutrino. Such quantities are all invariant with respect to 
spatial reflections (in fact they are quadratic expressions in the momenta); 
this implies that the distributions in the above quantities can say nothing 
about parity conservation or non conservation of the decay interaction. 


In order to reveal such conservation or non conservation, one has to measure 
quantities which are odd with respect to reflections. For instance if one might 
polarize the neutron or the nucleus of the above example and measure the 
angular distribution of the emitted electron with respect to the direction of 
the spin of the decaying neutron (or nucleus), this distribution might reveal 
if parity is conserved or not, in the decay in question. In fact the angle between 
the momentum p of the electron and the spin of the neutron (or nucleus) is 
proportional to o-p, which quantity changes sign under a reflection. 

All the experiments reported below, to test parity conservation, are in fact 
based on this idea, of being able of forming a quantity which is odd with 
respect to reflections, in terms of experimentally measured quantities. In 
particular the experiment number two listed below is simply the one described 
just now, the nucleus in question being the Co. 

Summing up, if one therefore introduces the assumption that the parity 
is not conserved in the weak interactions (we repeat that by weak interactions 
we mean those interactions which have the strength of the B interactions) 
one does not contradict any known experimental fact. However, as we have 
mentioned, to accept such an assumption as correct, independent evidence is — 


(*) The value 1071? for g? is the one corresponding to g=3-10-49 erg-em?, when 
this value is multiplied by (fe) -1R-? to are it adimensional, R being taken equal 
to the Compton length of a pion. 
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necessary. LEE and YANG, in their paper have suggested the following three 
experiments: 


1) Consider the 7 >u —e decay from a pion at rest; it may be shown 
that, if the parity is not conserved in the decay x + u-+y, the u, in general, 
is expected to be polarized in its direction of flight. The distribution of the 
angle 6 between the line of flight of the electron e (from the successive decay: 
u —e+v+v) and that of the u (in the rest system of the latter) should be 
asymmetrical with respect to 6= 90° if the parity is also not conserved by 
the interaction producing the decay of the muon. 


2) Consider the angular distribution of the electrons from the decay 
of an oriented nucleus (for instance *°Co). Then a proof of parity non con- 
servation would be furnished by an asymmetry with respect to 90° of the 0 
distribution, 0 being the angle between the direction of the electron and that 
of the spin orientation of the parent nucleus (this is the experiment already 
discussed above). 


3) The third experiment refers to the study of the possible asymmetries 
in certain angular distributions from the decay of hyperons. This will be 


discussed in Sect. 15°5. i 


The experiment 1) has been performed by the Rome emulsion group [13] 
with a set of 400 pions. The result is that larger statistics are needed to 
detect an asymmetry, if it exists. 

From the third experiment (to be discussed in Sect. 15°5) no conclusion 
is presently possible. 

It may then be said that the preliminary observations do not confirm the 
assumption, but it may be advisable to perform all the suggested experiments 
with increased statistics. 


12:6. — Added note on the non-conservation of parity (February 28, 1957). 


The experiments 1 and 2 suggested by LEE and YANG have now been per- 
formed providing evidence that parity is not conserved in the processes in 
question. In view of the importance of such results we want to discuss briefly 
their implications, notwistanding the dead line fixed in closing this review. 
Our discussion will be very short also because, at the time of writing, there 
is, strictly speaking, still no evidence, concerning parity conservation or non- 
conservation in processes involving the new particles. ; 


a) B decay of “Co. — This experiment has been performed by Wu and 


coll. [14] polarizing ‘Co nuclei and measuring the degree of polarization of 


the Co through the anisotropy of the y-rays subsequent to the B decay. 


La 
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The experiment has shown that the angular distribution of the decay electrons 
is strongly asymmetrical when the anisotropy of the y radiation is strong 
(which means that the nucleus is strongly polarized); the asymmetry disap- 
pears when the ®Co (which was polarized by the Rôse-Gorter method) warms 
up; at the same time also the y-anisotropy disappears. It is also observed 
that the preferential direction of emission of the electrons is opposite to the 
direction of the nuclear spin. On writing the angular distribution of the 
electrons as: 


(1-12°6) I(09)dcos0 = (1 + x cos 6) deos 6, 


where @ is the angle between the direction of orientation of the nuclear spin 
and that of emission of the B-ray, x may be measured by detecting the intensity 
at 0° and 180° with respect to the direction of the nuclear spin. In the con- 
ditions in which the experiment was made and applying all the necessary cor- 
rections to the data, « resulted around — 0.4 for a value v/e ~ 0.6 of the 
emitted electrons. According to [14] the polarization of the *°Co was about | 
 <J/J = 0.6 in the conditions of the experiment. 
7 . The expected asymmetry « may be calculated, for an allowed Gamow- 
Teller transition such as the one in play here according to the formula: 
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value of p > 0.7, mentioned above it results that the first term must be pre- 
sent; the second term alone, in fact, would not be capable to account for such 
a large value of f due to the factor Ze?/hep, a rather small (~ 1) quantity. 

Some implications of the fact that, together with parity, also the charge 
conjugation invariance is destroyed, will be discussed in a moment; we prefer 
first to give the results of the: 


b)  >u->e@ decay experiment. — This experiment has now been per- 
formed, both using the 7 >u — e decays from pions stopped in nuclear emul- 
sions, and using artificially produced muons and counter detectors [15]. The 
results from the plates have still somewhat large statistical fluctuations, although 
they confirm definitely the effect; here we shall describe only the results 
with the delayed coincidence technique. 

The muons in this experiment [15] are from the decay in flight of arti- 
ficially produced 85 MeV positive pions and travel in the same direction as 
the pions; the pions are eliminated using an absorber which stops the pions 
but not the muons. The muons which, if parity is not conserved in the process 
T — y +y, should be, as we have said, polarized along their direction oi motion, 
are finally stopped in a carbon absorber and the-electrons from their decay, 
at a fixed angle, are measured; this means, if one assumes that the spin 
orientation of the muons is not changed during the time which they spend in 
carbon, before decaying, that one measures the ‘intensity of the electrons 
emitted at a certain angle with respect to the spin direction in question. To 
‘get the complete distribution, one now might change the position of the electron 
counter; however the method used in the experiment is to keep fixed the 
position of the counter and to make the spin orientation of the muon to pre- 
cess, before its decay, by using a convenient magnetic field. This method 
has the double advantage that it allows to measure the complete angular distri- 
bution of the decay electrons with respect to the spin orientation of the decaying 
muon and, at the same time, gives a measure of the magnetic moment of 
the muon. 

The main results of this experiment are the following: 


1) The magnetic moment of the muon is « normal » (g factor =2.00--0.10). 


2) The asymmetry in the angular distribution of the electrons, defined 
as the coefficient a in the distribution 


(1 + a cos 6) dcos 0 


where 0 is the angle between the direction of emission of the electron and, the 
velocity of the incident muon, is a = — 0.33 + 0.05. Other results are: 


-3) The absolute value of the asimmetry increases slightly with increasing 
energy of the selected electrons. 


| 
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1) An asimmetry (15% of the above one and with the same sign) is 
also found for = stopping in carbon. 
It is therefore apparent that also in the processes 7 >p4-y, ua > e+v+v 


the parity is not conserved. 


c) Some theoretical implications of the above results. — First of all it has 
to be pointed out that if a lagrangian which is invariant with respect to the 
proper Lorentz group, does not conserve the parity, it must also destroy time 
reversal and/or charge conjugation invariance. More generally the following 
theorem ix valid: calling respectively P, ©, T the parity, charge conjugation, 
andtimereversal operations, any local theory invariant with respect to the proper 
Lorentz transformations must be invariant when the product operation POT 
is effected (the order in which the above three operations are effected is 
irrelevant) [16, 1%, 18]. 

Therefore the interpretation of the Wu ei al. result, as showing that the 
theory destroys also the invariance with respect to charge conjugation, is not 
unexpected on the basis of the above theorem. 

One may ask whether also the experimental results on the 7 —u —e 
experiment do show the non-invariance of the weak interactions producing 
such decays with respect to charge conjugation. The answer is yes if one 
takes into account the following general theorem by Lee, Oehme and Yang [19]: 
If a particle A (in our case the u) decays through a weak interaction H, 
which is invariant under charge conjugation, and if one may disregard the 
interaction between the final decay products (in our case ev), then, to the 
lowest order in H ex there is no interference, between the parity conserving 
and the parity non-conserving parts of H,.., in the decay of A (hence, there 
cannot be asymmetry in the angular distribution). On the basis of the above 
theorem one also understands that, if one may disregard the Coulomb de- 
formation of the final electron wave function in the $ decay experiment by 
WU et al. the B interaction must be non-invariant with respect to C to give an 
asymmetry. 

One might finally ask whether, if the charge conjugation invariance of the 
weak interactions is violated one should find different decay lifetimes for a 
particle A and its antiparticle A; this is however not so [19], at least to the 
firet order in 1, if the decay products of A and A are different (e.g. when 
A is charged). The same may be said for the mass. 

Finally we shall shortly refer on some attempts [20-23] which have 
been made to explain the non-conservation of parity. The basis of all these 
attempts, presently, lies in the fact that the nentrino has mass zero, which 
implies that the Dirac hamiltonian for the free neutrino commutes with Pre 


In other words the free neutrino hamiltonian is invariant with respect to the | 


substitution y, + y;yy- Requiring that the same property must be valid also 
\ | 


re 
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for the interactions in which the neutrino intervenes, one is led naturally to 
interactions which destroy parity and also charge conjugation invariance. 

A detailed scheme along these lines has been developed by LEE and YANG[20]. 
Due to the commutativity of y; with the free neutrino hamiltonian, the so- 
lutions of the neutrino Dirac equation may be taken as eigenfunctions of y;; 
more definitely positive energy neutrinos are restricted to Satisfy the equation 
VW © and negative energy neutrinos the equation Vs, = y. It follows 
easily from this that a neutrino has always its spin parallel to its momentum 
and an antineutrino has its spin always antiparallel to its momentum; the 
neutrino is a right handed screw; the anti-neutrino a left handed one. 

The fact that the neutrinos of this theory must Satisfy the equation 
(y;+1)y,=0 is reflected in the fact that in all the interactions involving 
neutrinos written down in the usual way the destruction operator of a neutrino 
is multiplied by 1—y; and the destruction operator of an anti-neutrino is 
multiplied by 1--y;; the theory thus predicts conserving and non conserving 
parts for the interactions involving one neutrino, which have the same mag- 
nitude. Several specific consequences follow from this theory; they are very 
interesting but would lead us too far from our present subject; the experimental 
evidence is still too preliminary to confirm or disprove the theory; it may be 
mentioned that the theory is invariant under tim reversal, hence non- invariant 
with respect to both parity and charge conjugation. 

Concerning the neutrino « philosophy » it must be said that, if the neutrino 
is the only agent through which the parity is destroyed, it appears difficult 
to explain, by means of the parity non-conservation the problem of the 
bosons, which was the source of all these developments. In fact in the K_, 
and K_, decays, neutrinos are not involved at the first order in H,,,, and their 
possible partecipation at higher orders should be irrelevant. 

It would be extremely interesting to know if the parity conservation is 
violated also in processes not involving neutrinos; in particular in the decay 
processes of the hyperons. There is not yet evidence for such processes (com- 
pare for their discussion Sect. 15°5) and it will be difficult to find it because 
we do not know the polarization of the hyperons at production. 
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CHAPTER 13. 


The Determination of the Spin of the K;,. 


13°1. — Introduction. 


The whole discussion of Chapter 12 was based on the fact that the spin 
and/or the parity of the Ki, and Ki, are different. Whereas for the Kz, the 
derivation of the spin parity assignments listed in (1-12°1) has been outlined, 
we have not yet given an account of the analysis on which the spin parity 
assignments (2-12°1) for the Ki, are based. This will be the purpose of the 
present chapter. 

In developing such an analysis we shall try to state as clearly as possible 
the approximations which have been made. "As already said in Sect. 12°1 
it appears now extremely unlikely that, on account of such approximations, 
the assignments (2-12.1) for the spin and parity of the Kz, are not correct; in 
any case we shall first develop the whole analysis arriving to the assignments 
(2-12°1) and only at the end discuss the possible criticisms. 

When speaking of the K}, decays we will always refer to the K_, decaying 
at rest in the emulsions, unless otherwise stated; the discussion of Sect. 2°1 
shows that practically no K:, decays at rest in emulsion. Also we shall refer 
to the n+ nt x- mode of decay; the x+*r°x° will be shortly considered in 
Sect. 16°11. 

The analysis to be developed is essentially due to DALITZ [1; 2]; a paper 
by FABRI [3] also contains a very clear derivation of many results. The ana- 
lysis is based on the study of the angular and energy distributions of the 
decay pions. The K3, constitutes an unique case, among the charged unstable 
particles, because it decays into three charged spinless particles and so we 
may interpret and measure such distributions rather easily. 


13-2. — Decomposition of the outgoing wave. 


For any assumed spin J and parity P of the decaying Ki, the possible 
distributions are either determined, or in some way restricted; the problem of 
determining the K+, spin may then be divided into two parts: the first [1-3] 
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consists in determining for any assumed spin and parity certain angle and 
energy distributions — for example the distribution in the cosine of the angle 0 
between the direction of flight of the negative pion and the relative direction 
of the two positive pions and the distribution in energy of the negative pion. 
The second part consists in obtaining sufficient experimental information to 
compare with the predicted distributions. 

To solve the first part of the problem we introduce the (normalized) rela- 
tive co-ordinates of the three pions and their conjugated momenta [3]: 


Here 1, 2 refer to the positive pions and 3 to the negative one; p and p’ are 
the moduli of p and p'; u and w’ their versors. 

Defining 1 =r/p and l'= r'/p', where I and I’ are respectively the an- 
gular momentum of the two positive pions and the angular momentum of the 


negative one, the total angular momentum of the three 
pions is: 


(2-13°2) Jie 


and such angular momentum is conserved in the process of 
decay (see Fig. 1-13°2). 
The decomposition (2) of the total angular momen- 


tum suggests to write the angular part of the outgoing | 

a three pion wave in the center of mass system, as a sum of partial waves; each 
POR partial wave being characterized by given values of J and 7’, the quantum — | 

numbers corresponding to |1|? and |l’|?. Such partial waves, which will be | 
: called Zi (u, u') sr asini ee ote n Aria ue of the 
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are of course contained in the above expansion; moreover, on account of the 
identity of the two positive pions / has to be even and, on account of the parity 
conservation /’ has to be even or odd according if the parity of the K_, is odd 
or even; the coefficients €,,(p) in (3) depend on the mechanism of the decay 
and we will come back to them later. It may be useful to give the explicit 
expression of Z7;(w, u') which is 


(4-13°2) A DO JR, (au); 


My My! 


the C,,(Jm,; mym,,) being the appropriate Clebsch-Gordon coefficients. 

The configuration of the decay products in the plane of decay is completely 
specified when the angle 0 between w andu', and the modulus of momentum p 
are given; as already observed p' is then determined by the conservation of 
the energy; if the distribution density of the above quantities is known, any 
other distribution of interest may be derived from it. 

From (3) and (4) the density distribution function F,(p|0) in the above 
quantities may be readily calculated for each spin and parity assignment; 
an average over m, has to be performed if the K;, is initially unpolarized, as 
it is normally; the function F,(p|0) has the general expression: 

gy 
(5-13°2) F {(p|0) = > > Cu(P)Crr Im; Om) - 
my | 11 
(= | m | ) ! 


+ 
ex + 1)(2l +1) QE 1m | P\"s|(cos 0) 


2 
? 


where P7(cos 0) is as usual defined as: 


PY(cos 0) = Y7 exp[— img] 


241 (+ m)!1-4 
4x (1—m)! 


So far the treatment is exact; from this expression of the density distribution 
function it is possible to calculate the distributions of interest by multiplying 
it with the density of the final states, provided the ¢,,(p) are known; this 
is however not the case; in the next section we shall see how one may over- 
come this point, by making a suitable approximation. 


13°3. — The small radius approximation. 
The approximation which we shall make [1-3] in order to determine 


effectively the distributions is based on the fact that the de Broglie wave 
lengths of the outgoing pions are large with respect to the radius of the Kee 


papi 
1 
\ 
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meson, if we assume that this last quantity is much smaller than the Compton 
wave length of the pion. 

This has two related consequences; one is that the centrifugal barrier will 
prevent waves with a high angular momentum to escape, favouring the partial 
waves with the smallest / and l’ values; therefore the coefficients ¢,,.(p) will 
decrease with increasing /, l’ and, referring to the infinite set of / and 1’, com- 
patible with a given assignment of spin and parity only the coefficients c,,(p) 
having values of 1 and l’ with the minimum value of /+/’ will be important 
in determining the distributions; the second, and related consequence is that 
the p dependence of a given ¢,,(p) coefficient (with given / and l’) may be 


predicted tobe of the form (p/M)'(p'/M)", apart from terms of higher order. 


in (p/M)?; here i/Mc is the assumed radius of the K;,. 
These two consequences are summarized in the following formula (1) which 
gives just the term of lowest order in p/M, p'/M for any / and l’ value: 


ei es Si ee Veh (i) : 


GT HA) (Pay Bre DIAM 


In (1) A, is a ccefficient which decreases with decreasing /+. Formula (1) 


is essentially obtained calculating the amplitude of the emitted three pion 


wave (corresponding to the minimum value of /+/') at the « Ki, surface » for 
the values p and p' of the relative momenta; as already mentioned such 


amplitude decreases, for given values of p and p', with increasing /-+/ due 
to the centrifugal barrier effect. It may be shown from formula (1) that the 


ratio between a ¢,,(p) and the next one (obtained increasing Z or l’ by 2) is 


. about 10-? for a radius of the Ki, equal to its Compton length. 
We proceed now, on the basis of the above approximation, to study the 


distributions for several assignments of the spin and of the parity. 
The pairs of J and l’, denoted by (J, l’), compatible with the spin and parity 


assignment and corresponding to the lowest -value of 1+’ are reported, for 


| several spin parity assignments, in the second column of the following Table I; 


, Righer value of 141%. 
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J Parity (GL) i À 
"SD bia | NE rs 
1) | (0.0) (2.2) LARMES 
si 1 ee (0.1) (Bij. (aay 
1) | (2.2) (4.4); (6.6); .... 
salita (2.1) RA o 
eu _ (0.2); (2.0) | (2.4); (4.2); Le 
à f+ (ois 208) (253) dl} 
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| a [+ (2.3); . (4.1) (i) Goo aes 
| | = (0.4); (2.2): (4.0) (2.4); (4.2); 
: . . . . . . . . . . . . . . . . . 
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that in the five simple cases the distributions; upder the hypothesis made in 
this section are completely determined; they may easily be calculated from the 
general expression (5-13°2). The distribution densities for the five simple 
cases 0 —, 1+, 1—, 2+, 3 — are reported in the Table II. 


Cante Il-4818 0. | apte ae 
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P,(p|0) we have still to multiply by the density of the final states. In the non 
relativistic case, to which we shall refer in the following discussion, the density 
of the final states, expressed through p and cos 0 is proportional to 


(2-13°3) do = p'p? dp dcos 0, 
where p and p' are related (non relativistically) by: 


È i FR, ee Q.=76MeV., 
SR Sy. > Q, m = pion mass . 


It is perhaps more convenient to introduce instead of p the variable e=E3/E ax > 

defined as the ratio between the laboratory energy £ of the negative meson — 

and the maximum value which it may have E... = 40. a 
. In terms of e we have: 


(4-13°3) do = (1 — e)} dedcos0. 
For the five simple cases the distributions in e and in cos 0, defined as 


N 


respectively, may be calculated readily from expressions in the Table II and | 

| are reported in Table III below; Z(e) and 7(9) will be also reported graphically 
A in Fig. 2-13°6 and Fig. one of Sect. 13°6 where they wu de pure 
me) with the experiment. | 
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13°4. — Distributions of interest. 


Besides the distributions I(e) and /(0) which will be referred to in the 
following as the Dalit: distributions, there are also other distributions which 
one may wish to consider; they give different ways of comparing the theory 
with the experiment; they are however related through the fact that they may 
be all calculated starting from the same expression (5-13°2) of the distribution 
density. We shall here mention only the so called « Dalitz triangular » plot EL 
the Fabri [5] energy distribution and the Costa and Taftara [6] angular distri- 
butions. 


a) The Dalitz triangular plot (*). — While I(e) and I(0) are derived from 
the general expression (5-13°2) by integrating respectively over 0 or over e, 
the Dalitz triangular plot is simply a two dimensional graphical representation 
of the general expression (5-18°2) itself. 

It is therefore the most general representation and all the possible distri- 
butions (like the previous ones /(e) and /(0) and the ones which will follow) 
may be derived from it by convenient integrations. One arrives at this repre- 
sentation by observing that, in an equilateral triangle, the sum of the distances 
of any point inside the triangle from the three sides is equal to the height of 
the triangle. If we now interprete the above distarices-as proportional to the 
kinetic energies of the three pions emitted in the disintegration of the Ke 


-and if the height of the triangle is equal to the available energy, then the re- 


lation E,+E,+E,=@ for any point internal to the triangle is automatically 
satisfied; that is, to any decay event some point P internal to the triangle 
is unambiguously associated; the conservation of 


the momentum implies further that not all the points — = 

inside the triangle may represent decay events, but 

only those points which are contained in a circle in- % 

scribed in the triangle (relativistically it is a some- 

what more complicated figure but it does not de- L' a 
| viate much from a circle). The situation is repre- Ni 
‘sented in Fig. 1; the distance PU of P from the AN 


side AB represents there the energy of the negative 4 0 4 È 
meson, and the distances from the sides CA and CB 
the energies of the two positive pions; in view of 
the fact that the two pions are identical, the di- 


| stribution of the representative points in the triangle must be simmetrical 


with respect to the height CO of the triangle; therefore all the points may be 
reported in a half of the triangle, say COB and the distance PL represents 


(*) This has already been mentioned in Sect. 1°4. 
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then the energy of the less energetic positive pion. One can show also that 
for any point P the ratio PN/NG is equal to cos 0. 

From the expressions of Table II-13'3 and from the expression (2-13°3) 
for the density of the final states it is easy to derive the predicted densities 
of the representative decay points in- 
side the half-triangle corresponding to 
various spin parity assignments. 

We will only say here that the density 
of the final states (2-13°3) is, when the 
energies are expressed in terms of the car- 
tesian co-ordinates in the plane of the 
triangle, directly proportional to the ele- 
mentary area dxdy, so that in the 0 — 
case the distribution of the points inside 

È the circle is isotropical; in the other cases 
Fig. 2-13°4. — (From [9, 161). Distri- ne density of the points is not isotropical 


bution of 215 Ki, decays if the spin x ERE 
ee onda indicated and for two typical cases it is reported 
i in Fig. 2. 


b) The Fabri energy distribution. — From the Dalitz triangular diagram 
it is possible, for any given spin and parity assignment, to calculate the fraction 
of events in which the energy of the negative pion is a) less then the energy 


a e iii fe 


of either of the two positive pions; or b) in between the two energies of the 4 


positive pions; or c) larger than the energy of either of the two positive pions. 
Such fractions have been calculated by FABRI for each of the simple cases and 


are reported in Fig. 4 of Sect. 136 in which they are also compared with | 


‘the experimental data; according to FABRI in the distributions in question | 
the ne corrections are Hit negligible. 


| of events to be expected for which the angle En Lip the two like pers isd 
pi the HOT 160° re 120°+-4180 | 


| st: e) The Cost and Taffara angulat distribution. = oe a Risi way Costa x 
and TAFFARA [6] have calculated for several spin parity assignments the fraction 


rio ati 
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angles of the distributions corresponding to the various spin-parity assignments. 
Of course, what these arguments say is already contained in the explicit ex- 
pressions for the distributions, which we have already given, but, as we shall 
see, the arguments are very interesting, showing clearly which are the most 
indicative features of the distributions. 

Moreover one may expect, on the basis of the DALITZ arguments that such 
features will be unchanged also in a more exact theory, which does not make 
use of the approximations of the previous theory (compare also Sect. 13°7). 

The Dalitz arguments simply express how some fundamental facts, such 
as the impossibility for a particle with vanishing momentum to cross a centri- 
fugal repulsive barrier, must be reflected in the distributions. 

The three first Dalitz arguments, reported below, refer to a K_, having 
either odd spin and odd parity or even spin and even parity. The fourth refers 
to a K_, having just even parity. They are as follows: 


1) For a K_, having either odd spin and odd parity or even spin and 
even parity, the probability of a decay with the emission of a positive or ne- 
gative = with vanishing momentum vanishes; in fact the 7 with vanishing 
momentum must be produced in an SN state because a wave with vanishing 
momentum has zero probability of passing through the centrifugal barrier 
which is otherwise present; the two other pions have then to be produced in 
a state of relative motion with a parity opposite to the one of the original K_,; 
but this is not possible because the parity is determined by the angular mo- 
: mentum which has to be conserved. Therefore, the distributions previously 
calculated must show in these cases a strong decrease when the energy of the 
emitted (positive or negative) pion decreases; this is in fact the case (compare 
Table 11-133 and Fig. 2-13'6 for the 1 —, 2+, 3 — distributions; compare 
also Fig. 2-13'4 showing the calculated Dalitz plot for the 1 — case; the 
density of representative points decreases near the AB and CB sides of the 
triangle). 


2) For a K,, having either odd spin and odd parity or even spin and 
even parity the amplitude for the emission of a negative pion with its max- 
imum possible energy must vanish, in other words the emission of a fast ne- 
gative pion is improbable; this is proved by considerations similar to the 
above one, noting that the two positive pions must then have-zero relative 


momentum. 


3) For a K_, having either odd spin and odd parity, or even spin and even 
parity à difintegrition in an collinear configuration, that is with a cos 0 value 
equal to 1 cannot take place; in other words disintegrations with cos 0 near 
to 1 are improbable; this may be understood, considering the properties of 


the spherical harmonics. Ve 
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The fourth Dalitz argument refers instead to K_, having any spin but 
even parity; then it may be shown that: 
4) For a K_, having even parity the distributions tend to zero when 
the energy of the negative pion tends to zero; in other words the emission of 
a slow negative pion is improbable. 


In all these arguments the word «improbable » means improbable with 
respect to the probability given by the phase space alone, which is the same, 
as mentioned already, as the probability for the 0 — case. 

It has to be recalled that, according to what has been said in Sect. 12°1 
the K,, must have spin and parity both odd or both even, if we want that K_ na 
and K* have the same parity and spin; so Dalitz’ arguments have the SA VARO 
of clearly showing which are the particular features of the distributions which 
should be examined in order to see if the K_, and K_, may have the same 
spin parity assignment. As already mentioned such arguments, depending 
on very general reasons, have also the advantage that they do not depend on 
the approximations made in developing the previous theory and apply also 
to the non simple cases. 


13°6. — Comparison with the experiment . 


In comparing the previous theory with the experiment it is convenient 

to discuss two points separately: 
1) Whether the experimental distributions are compatible with a spin 
parity assignment for the Ki, which is EU 


ES EME also for the Ka. 
RS a aS à 2) Whether the experimental distribu- 
agen N tions allow us to establish in a definite ray 
hh a ue > the spin and parity of the K* 
È Aie 4 Boat | The answer to the first question appears tal 
à neo pe ._ be almost certainly negative; the answer to the 
Pop dea la cae second is perhaps not so definite but it ap- 
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in homogeneous conditions and trying to avoid carefully observational 
biasses. | 

The results of the other laboratories [8-14], and of cosmic rays [15] are 
usually consistent, within the fluctuations, with those of the Brussels-Milan- 
Padua group. 

In Fig. 1 we have reported a 
DALITZ plot compiled on 220 events 
presented by GOTTSTEIN [16] at the 
Rochester Conference 1956. 


dN 
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Fig. 2-13'6. - The J(e) distributions. Fig. 3-13:6. — (From |[17]). The (61 
The experimental points are those of distribution together with the theoretica) 
the B.M.P. group [17]. curves for the « simple » cases. 


Fig. 2 and 3 contain the Dalitz distributions I(e) and (cos 0); Fig. 4 
to 6 report respectively the Fabri and the Costa and Taffara distributions. 


Fabri (non-relativistic ) Costa & Taffara (non-relativistic) 
0 1+ 1- 2% 3- Like meson angles <= se 
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Fig. 4-13°6. — (From [17]). Fig. 5-13'6. — (From [17]). 


Finally Fig. 7 reports the /(e) distribution multiplied by the phase space factor 
&(1— e). Fig. 3 to 7 are from the B.M.P. group [17]. Di 
The theoretical curves which appear in the various figures have been 
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already discussed. We shall now concentrate on the experimental distribu- 

tions (*). 
To answer the question n. 1 let us observe that the J(e) distribution (Fig. 3) 
does not tend to zero when e + 0 or when 


pote! E CD LA ae e —> 1; and the J(cos 0) distribution does 
à a pie Me SA not tend to zero when così >1; the 
va number of events per unit phase space 
a“ observed say from e = 0 to e = 0.05 or 
05 from e = 0.95 to e = 1 is not very diffe- 
04 rent from that observed in any other si- 
2 milar energy interval. Due to the rather 
A large number of events the probability 
that this is due to fluctuations is now ex- 
pà tremely small. The same may be said … 
°0—— 50 0 #00 80 0 ‘00° ‘iso for the events in the cos 0 interval from 3 
Fig. 6-13.6. — (From [17]). cos 0 = 0.95 to cos 0 = 1; their number 


shows that there is not a strong decrease 1 
of I( cos 0) near così = 1 as should be the case if lim /(cos 4) = 0. 
Recalling the Dalitz argaments reported in the last section we thus see 
that the K_, cannot have even spin and even parity or odd spin and odd parity. _ 
But, as irlameai in Sect. 12°1 theK_, 9 
. must have (if the angular di ac 
and the parity are conserved in the 
|. decay) even spin and even parity, or 
much less probably odd spin and odd 
| parity. It follows that no one of the 
assignments possible for the Reid 
| possible for the K}, or viceversa. It 
fi : was this zio which has been 
pane a DREI of all the questions _ 
À non die the second point, Pie. 7.196. ee (From 
which art Iva 
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even parity (and any spin) is very improbable since the experimental Z(e), 
then, would contradict the fourth Dalitz assignment; at least if we interpret 
the experimental curve (Fig. 2) as showing that I(e) does not tend to zero 
when e — 0. 

Therefore it appears that the only possible assignments are those with 
even spin and odd parity. Among these, of course, the 0 — assignment is 
the simplest one and the theoretical curves for this case (which do not include 
either the Coulomb or the relativistic corrections) are reported in Fig. 2 
to 7 together with the experimental distributions. It is apparent from the 
figures that a rather good fit is obtained; for completeness, in the figures the 
theoretical distributions for the other simple cases are also reported: no one 
provides a good fit to all the distributions. This is simply a repetition of the 
arguments given above since the cases (1 —, 1+, 2+, 3 —) have either odd 


spin and odd parity or even spin and even parity, or even parity. 

So we may conclude that 0 — provides a rather good fit to all the distri- 
butions. It is however probably not possible to exclude presently, at least 
in principle, a 2 — assignment or a 4 — assignment (and so on), since the 
distributions corresponding to such cases contain an adjustable parameter 
which may be varied so as to give the best fit. However, rather strong in- 
dependent arguments may be found against such assignments (compare the 
end of the next section). : - 

Coming back to the fit of the predicted 0 — distributions to the exper- 
imental curves we may notice that there is a slight tendency of the exper- 
‘imental points in the direction corresponding to the 1+ assignment. 

This tendency is shown both by the J(e) distribution (the experimental 
points are somewhat under the 0 — line for small e and somewhat over for 
large e) and by the Dalitz triangle (the two things are in fact equivalent); the 
density of the points, which should be uniform for a 0 — assignment, according 
to the theory developed in the past sections, somewhat increases from the 
low to the high rx energies. A Dalitz plot described (but not given) by 
DALITZ [7] at the Rochester Conference 1956, containing 600 events is re- 
markably uniform. No apparent correlations are seen, though the density 
(per unit phase space) of fast 7, going up to the maximum energy of 48 MeV 
is about 30% higher than that of slow x. 

These slight deviations from the 0 — curves however do not certainly 
point towards a different assignment; they may be due to a number of reasons 
as it will become apparent from the next section. 


‘To conclude the answer to the question number 2 at the beginning is: 


| the most probable assignment for the Re is 0 —; 2— cannot be excluded 
but is (compare the end of the next Sect. 137) improbable. 


(e ci ai alal 
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13:7. — A discussion of the approximations. 


The conclusion reached with regard to the question number 1 of the last 
section is such as to stimulate a reexamination of the theory leading to it; 
we ask: is it possible, with a treatment which does not make use of the ap- 
proximations of the theory previously developed, to modify the Kz, decay 
spectra in such a way as to make them compatible with an assignment pos- 
sible for the K°? 


Notice by the way that the lowest assignment simultaneously possible | 


for K+, and Kz, is 2+, if the K2, may decay in two neutral pions as it seems 
indicated from the experiments; o it is 1 —. 

The approximations which we did introduce either explicitly or not in 
the theory of the Ki, decay are the following: 


1) Neglect of relativistic effects. 
2) Small «radius » approximation. 
3) Neglect of interactions between the final pions. 


As far as 1) is concerned the situation is this. There are mainly two effects 
“which come into play: a) The modification of the equation of energy con- 


= 0, JI SIRO FPE 


servation and of the expression for the phase space (4-13°3); both these | 
effects imply generally corrections, which we may call «kinematical» cor- — 


rections to the theoretical distributions, which are in some cases of the order 4 


of 20% and have been explicitly calculated, for instance, in [18]. b) The modi- 


fication of the decay matrix element due to relativistic effects. To understand | 
| these modifications consider for instance a (0 —) K_, and assume that the inter- _ 


“action responsible for its decay may be written as: nS 


01387) Eee fr: MAIA are + he. 


| 
| 
| 
| 
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Sì 
Qt 
Or 


where Or Wp,» Op, are the total energies of the three emitted pions. The 
corrections in the energy distribution which this factor brings are a few per- 
cent but should be ineluded. 

Summing up, the relativistic corrections may change appreciably the shapes 
of the spectra but should not change the conclusions of the last section on the 
spin-parity assignment. 

Let us now examine the corrections 2) and 3) namely the «small radius » 
approximation and the final state interactions. 

To understand their meaning and, at the same time, to understand the 
meaning of the expression (1) previously written down, we may argue as follows: 
let us consider, for simplicity, again a (0 —) K4; then, whatever the mechanism 
of the decay is, the effective operator producing the decay of such a K_, may 
be written, in the rest system of the decaying K 


T3" 


(2-13°7) H'= gq |y,(x)G(x — x', x — x", x — x"): 
- Dt (x0!) Dt (x") D(x") dix dix’ dx” dx” + h.c., 


with the meaning of the operators y,, ®+(x), P(x), specified in connection 
with (1), and where G is an arbitrary rotation invariant function of the argu- 
ments indicated. Of course the expression (2) is fhe most general one since it 
contains the arbitrary function G of the three relative co-ordinates; the arbit- 
rariness of G implies that the matrix element of H' (2) between the initial and 
final state is an arbitrary rotation invariant function of the momenta of the 
emitted pions; since the only variables upon which the matrix element for 
the K,, decay depend are the momenta, the expression (2) is the most ge- 
neral form of effective decay operator for a K,, 


In terms of the expression (2) the two kinds of approximations which we © 


want to discuss may be very easily expressed: the small radius approximation 
amounts to say that the function G is a product of 6 functions of the three 
arguments x — x’, x— x", x— x", or, more generally, is a function which 
goes rapidly to zero when |æ— x'|, |~—x"|, |x — x”| are larger than some 
value R which is much smaller than the wave iength of the faster emitted pion. 


This approximation of course implies that, in a power expansion of the Fourier 
transform of G in series of the momenta, only the terms of the lowest order 
are important, which is just what we did assume in writing down the distri- 


butions in the table. 
On the other hand the neglect of the final state interactions between the 


| pions means that one evaluates the matrix element of (2) inserting for the 


final pion wave, pure plane waves. 

‘If one takes into account these final state interaction one should insert 

in (2) the distorted (ingoing!) waves, the kind and nature of the distortion 
depending on the nature of the, almost unknown, pion interaction. — 
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What we did say in the case of a (0 —) K_, meson may be easily extended 
to any spin parity assignment, considering instead of a rotation invariant G, 
a function G having the appropriate transformation character. 

We then ask: is it possible for a K_, with a spin parity assignment com- 
patible with that for the K_, (for instance 2+), to obtain decay distributions 
which simulate the ones from a (0 —) meson (which agree with the experiments) 
if we renounce to the small radius approximation and assume convenient 
interactions between the final pions? 

Two attempts have been made, one by MARSHAK and SUDARSHAN [19], 
the other by MORPURGO and TOUSCHEK [20] assuming a (2+) K_, meson. 

The attempt by MARSHAK and SUDARSHAN assumes that the radius of 
the Ki, is so large that in addition to the final state with | = 2, l’= 1 also 
the final state with / = 2, l’= 3 intervenes with comparable probability. The 
mixture parameter s of the two states’is varied and the J(e) and J(cos 0) 
curves are presented for various values of such parameter in the Fig. 1-13°7. 


ANGULAR DISTRIBUTION OF THE n° ENERGY DISTRIBUTION OF THE n° 
— —— Experimental oe — — — Experimental data 
S=cO 


10 _ ee ee me oO 


Ma Pia. 1-187. — Marshak and AA spectra (the experimental data are not ‘the 
i most recent ones, though they do not differ much Fe QUE “3 
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indicated above, being similar to the (0—) ones for all the remaining 
regions. 

Therefore we may say that the conclusion reached in the section is still 
valid and it appears improbable that mechanisms of the kind outlined in 
_this section may change it. 


18 
is 2+ resonance 16 
15! 1! 
WF 14 
13} ul 
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as 09 
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D 057 0.6 = 2+normal ; 
05 05} $ 
) 04+ 04+ 
i 037 03 
a2 02 
È LA 01 


02 063 04 05 06 07 08 09° 


to 02 03 04 05 05 07 08 09 10 
Fig. 2-18°7. — Morpurgo and Tousghek spectra. pee 


Of course both the relativistic corrections, the presence of a form factor 4 
and interactions between the final pions, in particular the Coulomb ones (*), “tbe 
| may produce changes in the distributions, as calculated without taking them Preti È 

È into account; it is possible, if the conclusion (0 —) is accepted that these effects 
re responsible for the (rather small) differences between the He is 

| theoretical distributions in such case. 5 ae 
We may finally notice that a high value for the Kt spin, 5 Say ee than aan 
eh RE E ui Pn os ve deter, SU be much too slow on 
sour ari ue the 
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13°8. — Another possible way for getting information on the spin of the Kee 
(and of other K’s). 


We end this discussion of the Ki, spin by reporting a method proposed 
by TEUCHER, THIRRING and WINZELER [22]. Following a method proposed 
by WENTZEL [23] in 1949 for determining the spin of the pion, these Authors 
have pointed out that if the K, has a spin different from zero it might come 
out polarized from the process in which it is produced; if this is the case, due 
to the fact that the polarization should not be appreciably lost in the process 
of slowing down [24], the distribution in the cosine of the angle 6, between 
the normal to the plane of decay and the direction of emission from the star 
in which it has been produced, might be anisotropical 

Neither in the events considered by TEUCHER ei al. nor in the B.M.P. 
events, nor in the reported cloud chamber events decaying in flight (DALITZ: 
private communication to Prof. AMALDI), this seems to be the case. Of course 
this does not prove that the K}, has spin zero because a) it might have spin 
different from zero but come out un- 
polarized in the reaction in which it is 
produced; b) it might have spin diffe- 
rent from zero and be polarized, but the 
polarization state be such as to give rise 
to a more or less isotropical distribution 
in the particular angle considered. 

Anyway in the Fig. 1-13'8 we have 
reported the distribution in 0, for the 
402 Padua events. Of course a similar 
method may be applied to determine 
the spin of the K,, or K,,. The diagram [12] analogous to Fig. 1-13°8 for 
701 K, gives also an isotropical distribution; as far as we know no such 
diagram in which K_, are separated from the other K, has been con- 
structed. 

A general observation is. that in using a method like the above one it 
should be better in spite of the smaller statistics, to collect K_, produced in 
similar conditions (same angle and energy of production; same material of 
the production target) if one wants to avoid that a possible polarization is 
averaged to zero by the mixture of many inhomogeneous cases. : 

We finaliy mention here that the decay spectra for the Kg, and K,, have 
also been calculated [25] in order to determine their spins and to find the 
deviations which specific decay interactions might produce from the statistical 
spectrum. Presently the data are much too poor and too biassed to make 
a discussion useful. (See Sect. 1°4). | 3 
x 
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Fig. 1-13°8. — (From [17]). 
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CHAPTER 14. 


The situation of the neutral bosons. 


141. — Introduction. 


The purpose of this chapter will be to discuss the situation which the 
scheme of Gell-Mann and Nishijima, on one side, and our knowledge of the 
charged bosons, on the other, imply for the neutral bosons. 

We refer to Chapter 3 for a discussion of the present experimental 
knowledge on the neutral bosons; we only recall that, contrarily to the charged 


case, the existence of two neutral boson components has been established, having 


lifetimes differing by a large factor (Z 100). The short lived component decays. 


mainly in the 27 mode, the long lived one decays mainly by the exv, and urv 


modes. Our first point will be to show [1] that the existence of two such com- 


to charge conjugation, and only at the end (Sect. 14°8) discuss the new features 


x introduced by the non conservation of parity and OA hat i i 
time reversal. 


ì sil bed . hay 
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ponents for the neutral bosons is quite natural, and indeed a necessity in the 
scheme of Gell-Mann and Nishijima. We shall assume throughout this chapter | 
that the weak interactions producing the decays are invariant with respect — 
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and parity as K* while the spin and/or parity of the Kj would be different 
from the one of the K° in the same way as the spin and/or parity of the Ko 
differs from that of the K-. Each of these four bosons would have, besides 
the decay modes specified by the lower suffix, other possibilities of decay 
and, of course, some decay modes might be common to the Kg, Kg pair and 
to the K°, Ka: 

To simplify the situation we shall first assume here that Kj and K+ are 
the same particle, so that only two neutral bosons exist, which we simply 
call K° and K°; the considerations which we shall develop extend, in an obvious 
manner, to the case of the four neutral bosons. 

The production, and, in general, the strong reactions of the neutral bosons, 
are simply described in terms of K° and K°; this is because K° and K° have 
a definite strangeness; they behave, as far as the strong reactions are con- 
cerned in exactly the same way as K* and K~ respectively. However K° and K° 
have not simple decay properties; in particular it may be shown that neither 
the decay time dependence of K® nor the one of K° can be a pure exponential; 
it is therefore not possible to speak of lifetime of K° (or of K°) so that, as far 
as their decay properties are concerned K° and K° do not deserve the name 
of « particles ». 

The reason for the non exponential decay of K° and of K° is, crudely, the 
following: the weak interactions, which produce the decay of the K° and R°, 
may also produce a substantial mixing of the states K° and K°. Consider 
some state j (for instance the state 7*-+77) into which both K° and K° may 
decay; then the possibility of the process: 


(1-142) K°*2j2K° 


exists, which means that K° may be transformed into K° and viceversa; there- 
fore the variation of the amplitude of the K° state with the time is determined 
also by the amplitude of the K° state which is being formed and viceversa; 


this produces a non exponential decay (*). 
We may however ask whether there exist states representing neutral bosons 
having a purely exponential decay. It is clear that the decay properties of 


(*) The situation is completely similar to that of an atom which happens to have 
a degenerate excited level with two wave functions w and v corresponding to the same 
energy and angular momentum. Then instead of u and v, two independent combi- 
nations, say au+bv and a'u+b'v, may be taken to describe the state in question; the 
problem then arises of knowing which are the «correct » linear combinations wh'é= 
correspond to an exponential decay of the excited level in question. Such problem 
«may be solved using the Weisskopf-Wigner treatment. The statements below may 
also be obtained using such treatment, as has been done in ref. [11]. 
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“a 


the neutral bosons will be best discussed in terms of such states. Now we 
may show that the states: 


(2-142) = ei 5 
and 

Ÿ K° — Ke 
3-142 0 (ts 
) 3 iv? ” 


do have this property, at least if the charge conjugation is conserved by the 
weak interactions producing the decay. Let us remark that, in the above 
way of writing, K° has to be understood as the wave function of a K° in à 
certain state and K° as the wave function of a K° in the same state; what (2) 
and (3) say is that, instead of considering the wave functions K° and K° we 
want to consider the two linear combinations which we have called K° and K3; 
K° and K° may be of course expressed in terms of K° and K}: 


. K° + 1K3 
(4-142) Kea 
ai | 
(5-142) Ri 3 
Mas j 


sc that once the properties of K? and K? are known the same may be said for 
K° and K°. 

Now, as we have said above, we claim that Kj and K° do have a purely | 
exponential decay. Notice first that K° and K°, for the way in which they 
have been constructed, are eigenstates of the charge conjugation, belonging 


respectively to the eigenvalues +1 and —1. If the charge conjugation is 


conserved in the weak interaction, K? may give rise only to decay states be- 


longing to the eigenvalue +1 of the Charge conjugation, and K only to decay 
| States belonging to the io e == pe De all ue ie states. nie 


nue for Ki are im A POSE ble 
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of produced K° contains initially (at the time of production) K? and K£ part- 
icles with equal weight, it may be, and it has been, possible to check exper- 
imentally the difference in lifetime by simple measurements. 

We finally remark that the above considerations are valid separately for 
Kg; Kg and K°, K° if the existence of such bosons has to be assumed. In such 
case we shall have to introduce a Kig; Kj, and a Kî,, Kî,. Here K%, K% 


IT 10 ? 
: 70 70 4 4: SR Sa oe er 
and K,., K,. are the particles with charge conjugation number +1 and res- 
pectively — 1 arising from the decomposition, similar to (4) (5) of the Koi Ka 


and K°, K® particles. 

In the following, if the distinction between a Kg and a K, either is not 
accepted, or is irrelevant to the argument in question, we shall speak only 
of Ki and K°. 


143. — The decay modes of K° and K2. 


The purpose of this section will be to discuss the states into which K° 
and K may decay; it was pointed out in the past section that the lifetimes of 
K° and K° are expected to be different just on account of the fact that these 
states are different and exclusive. y 

First of all it may be predicted [1] that the decay into x++7~ will be 
possible only for K? and not for K° or viceversa. Intact a state of two pions 
with definite angular momentum / is a state belonging to the eigenvalue +1 
‘of the charge conjugation, if J is even, or — 1, if J is odd. Since the angular 
momentum / of the two pions is equal to the spin S of the initial K° the decay 
into 2x will be a decay mode possibie for K? but not for K$ is S if even; vice: 
versa if S is odd. From now on, to simplify the discussion, we shall take as 
established S to be even. In such case also the decay mode z*+7° is possible 
and is again a possible decay mode also for K°. 

Concerning the other expected decay modes of a neutral boson, we may 
illustrate the situation as follows: consider, as an example, a decay into an 
electron, a pion and a neutrino, a decay which, by the way, has been observed; 
corresponding to a given angular momentum and parity we may here construct 
both states belonging to the eigenvalue +1 of the charge conjugation, and 
states belonging to the eigenvalue — 1; symbolically: 


(1-143) (e-ntv) + (etr-v) 
will be a state belonging to the eigenvalue +1, and 


(2143) (etrtv) — (e-x-Ÿ) 


to the eigenvalue — 1. 
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It may therefore be expected that both K°? and K} may decay into an 
electron a pion and a neutrino, although the wave functions of the final pro- 
ducts will be different. The same of course may be said for the decay into x, y 


and neutrino. The decay mode into three pions will be discussed in a mo- 


ment; also other decay modes are possible, in principle (*). 

Here we shall not discuss all the possible decay modes but simply sum- 
marize the situation as follows: the particle K° is expected to decay into the 
modes x+--x- and r°—+r° plus «other modes » (as e.g. rev states of the kind 
(1) etc.); the particle K', will only decay in to the «other modes » (e.g. (2)). 
If the probability for decay into two pions is dominant with respect to the 
probabilities for decay into the other modes the lifetime of K! is expected 
to be much shorter than that of Ki. 

This is experimentally the case (compare Ch. 3); what in fact one observes 
in a beam of produced K,’s are mainly Kî_ at small distances from the pro- 
duction target, and only other decay modes at longer distances. 


oi elite 


14°4. — The three pion decays. 
Consider now the three pion decays, that is the decays into: 


a) | m+ 7° +, 


b) + i Te es 


The mode a) certainly has od conjugation number 41; the mode ») may 
a contain both states of charge conjugation +1 and — 1. 
RE The: above decays may be: examined under two different assumptions: pe 


‘a ik K, and K, are the same particle so that the. Re pane 
are simply additional ees ES of Kî and Kg; the 
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Here the possibility of detecting the three pion decays will depend on the ratio 

between the rate of production of K® and Kj, on the lifetime of K?, and of Kj, 

(a short lifetime makes the detection difficult) on the branching ratio 
LE + x oy x a 70, 70 > AA a : 

(which will be different for Kj_ and Kj.) between the three pion decay and the 


other possible decay modes ot Kî. and K5.. 


Of course here a more detailed discussion might be made if more specific 
assumptions (such as the Lee-Orear suggestion, or the parity doublet model) 
are introduced. We shall not go into further details observing only that if 
K. is different from K, four different lifetimes have to be expected in prin- 
ciple, unless the lifetime of K?, is equal to that of Kj, and that of Ko. equal 
to the one of K?,. For some considerations on the relative rates to be ex- 
pected for the three pion decays if a K, and K, exist, the references [2, 3] 


may be consulted. 


145. — Experimental verification of the existence of two neutral heavy com- 
ponents. 


The experiments, as discussed in Chapter 3, entirely confirm the pre- 
dictions of the last sections. Here we want to summarize shortly the main 


points of evidence. 


1) The existence of two boson components of which one decays pre- 
dominently in the K2, mode and has a life of 0.95 -10-!° s, and the other decays 
mainly by the ery and urv modes, and also perhaps by the 37 mode with a 
lifetime [4-6] in between 3-10-8 and 107° s has been established; although, 
as it appears from the Chapter 3, the study of the properties of the longlived 
component, in particular the mass, lifetime and branching ratios are just at 
the beginning. 


nl 


shows that when the reaction #7 +p > A°+K° is produced in a bubble chamber 
of such dimensions that the shortlived boson component is expected to decay 
almost completely inside the chamber (but not of course the longlived com- 
ponent), 50% of the produced K° escape the chamber in agreement with the 
theory; in fact (compare (4-142)) according to the theory à produced K° is 
a 1 to 1 superposition of shortlived and longlived bosons. In addition we 
may say that the same experiment would be difficult to interpret if there are 
four neutral bosons each having a different lifetime; the fact that 50%, of the 


2) The experiment by the Columbia-Brookhaven group [6] (Sect. 3°5) 


5 produced neutral bosons decay in the chamber would not, in general, be expected _ 
to be true if K, and K, exist as different particles, unless special and unlikely 
assumptions are introduced (compare for this the discussion in the ref. [6]).. 


tee 
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3) The Pais-Piccioni experiment [7] has not yet been made but an ex- 
periment similar in character has (point 4 below) given a positive result. 


Consider a thin target A in which K°s are produced by protons or by 
pions (Fig. 1-145). At the time of production the state of the produced K° 
may be decomposed according to (4-14°2): 


Ko = Ki + iK? i 
V2 

The lifetime of the K° is much longer than that of the Ki}; then, at a sufficient 
distance d from the target A all the K° will have disappeared, having de- 
cayed mainly as K°, and we 
shall have to do with a beam 
of pure KS with an amplitude 
1/4/2 of the initial beam of K°; 
but (compare (3-142)) a Kj 
state may be written as: 


(1-145) Ke = À (KR. 
iv? | 
æ—6EAM OF HIGH ENERGY PIONS 


i? 
| 
| 
| 513 i action properties of K° and K° 
ll | with the nucleons are comple- 
Fig. 1-14.5. ~ (From [7]). tely different, because they 
| have opposite strangeness; the 
K° behaves as a K and the K° as a K* (Chapters 19 and 20); K° may be ab- | 
sorbed, dor GER through the SOUDE reaction : ‘ 


SE ri FN T4, 


We now recall that the inter- j 
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4) As we did say the experiment No. 3 has not yet been performed; 
however the following experiment gives evidence along the same line [9]. 
Suppose to substitute to the thick absorber B of the previous experiment, à 
stack of auelear emulsions. Then one should observe there reactions of the 
kind (2); in particular one should observe stars in which the emission of an 
hyperon is observed and which may be attributed to the absorption of à 
neutral heavy boson. This is in fact the case [9]. 


146. — Interferences between the short lived and long lived component. 


We shall in this section assume the existence of a K{ and K,, not of a 
K%, Ko Kt: Ki,- This is done for simplicity, but of course similar con- 
siderations are valid for the more general case, although the experimental 
verification of the effects which we shall consider may then become more 
involved. Also we shall assume that K° has the mode of deeay K_, and only 
another mode of decay (say erv) and that K° has the mode of decay (exv) 
and just another mode of decay (say zx y). We want to study, following 
TREIMAN and Sacus [10], the time dependence of the rates of the various decay 
processes in a beam of K®”s; peculiar effects appear which in principle may 
be experimentally checked. Da, i 

Again the state vector of a K° produced at the time t = 0 has to be de- 
. composed according to (4-142): 


1 
1-146 K° = — (K? + iK>). 
( ) NA. ) 


The amplitudes of the states K° and K° will then vary with the time and the 
amplitude of the state which develops from (1) may be written at a time t: 


AE: 
— e io} È 


Here À, and 4, are the decay constants of K° and K'; how, , ha, are the total 
energies of K° and K5: 


AE MTS : 
(2-146) y(t) = a {Kt exp | > — io! eeu KS exp 


—— DA 


ho, = ¢ Vp? + Mic’. 


The energy difference (0, — ©) is proportional to the mass difference between 
the two bosons, which has been mentioned in Sect. 14°2 


K(w,— @,) = CAM. 
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We want to find the rates of the various decays as functions of t. The decay 
of K° is characterized by two constants a, and b which specify the branching 
ratio between the (exv) and K°, modes of decay, 


(3-14°6) K° > a,(etn-v + e-n*¥) + data). 
Similarly the K£ decay is characterized by a, and ¢ according to: 
(4-14°6) | KS > — ia(etn-v — e-nt¥) + entr y). 
Here a, and a, may be chosen to be real; this follows from the invariance 
with respect to time reversal. 


From (2) and (3) the rate of decay at the time ¢ into two pions is: 


(5-14°6) R(rtr-|t) = 4|b|? exp [— 4.t]. 


ee Ate: 


Similarly the rate of decay into x*x-y will be: 
(6-14°6) R(ntm-y|t) = $e |* exp [— At]. 
The interesting point is now that the time behaviour of the rate of decay | 


into the state (etr-v), and similarly that into the state (e-x+Ÿ) will be more 
complicated than a simple combination of exponentials and will contain some _ 


| _ interference terms between the Kî and KS waves; terms which may be sub- | 


jected possibly to an experimental verification. 
do rate of ene into (et) may ae written: 


ep] p ec] Atina = 


e SUL it + Ha cpl a + tt 08 HR ee da 
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between the signs of the charges, the interference term does not appear. On the 
contrary if one fixes the attention separately où the two decay processes the 
term in question may be important; R(e'r-v|t) 


may then be very different from R(e-7*Y | t) (*). 

More precisely the difference between the 
two rates may be important if t is not appre- 
ciably larger than 2-1 and will be significant 
if two conditions are satisfied: 


1) a, and a, do have comparable ma- 
gnitudes. 


2) AM is much smaller than 4; if it is 
not so the oscillations of the cos factor in (7) 


and (8) are too rapid and cancel the effect. Fig. 1-146.- (From [10]). Decay 
rates of the K° into the modes 
If the two conditions above are satisfied, (ex v) (dashed curves) and 
the decay rates of a K° originally produced, (© ©’v) (solid curves) under the 
: TRES Sy assumption a,/a,=1. he ab- 
into the etx-Ÿ or e-z*v states are very different sa RO ide È Re D 
TRE > ; À Ny ÿ scissa is the time in units of the 
functions of the time, as illustrated in Fig. 1° K° mean life. The two curves in 
which refers to a, =, >, and where each case correspond to different 
the curves are given both for AM-==0 and choices for the mass difference. 
AMA: = 
It appears that the curves depend very strongly on AM so that this effect 
‘could perhaps serve to measure AM. 


147. — Consistency between the numbers of «anomalous» decay modes so far 
observed in different experiments. 


Let us consider finally (following [10]) if the number of the « anomalous » 
decay events so far observed in cloud chamber experiments by several people 
(compare Sect. 3:7) is consistent with the order of magnitude which one would 
expect in the K?, K° picture. It is clear that the « anomalous modes » have 
to be identified with all the neutral modes which are not K_,. The rate 
of the anomalous component may be then written: 


(1-147) R (anom.) = A, exp [— At] + & exp [— Ai], 


| where A, (A, < À) is the partial rate of decay of K° via anomalous modes; 
2, and A, are instead the total rates of decay of K° and K}. We may calculate 


‘ (*) Notice that the two rates become equal for large t, that is in the long lived 
component. 


670 C. FRANZINETTI and G. MORPURGO 


from (1) in terms of A,, À, À the fraction f of the anomalous decay modes 
which one may expect in a «typical cloud chamber experiment ». Here by 
« typical cloud chamber experiment » we mean an experiment which can observe 
decay processes over a time interval 7 of the order of 5-107!° s starting from 
the time of production (measured in the meson rest frame). 

The fraction f, the observed value ot which is around 0.1, is given by: 


Va 


{R(anom.) dt VASARI R AT 
2-147) ia Lae i > SL Toa oat a 
[R(total) di (1—exp[—AT)) + xp[— AT 


0 


Inserting in (2) f = 0.1, 471 = 10!° s hence 4,7 = 5 one may get from (2) 
(3-14 7) AL 0.4 that is: Asia 10808 


Thatis the lifetime to be attributed to the long lived component to-be consistent 
with the number of anomalous decays in the «typical cloud chamber exper- 
iments » must be longer than 5-10-*s. This is consistent with the result 
of [9, 10]. Another consequence which may be derived from (2) is that the 
branching ratio 4/7, between anomalous and normal (K_,) decays of K° should 
be less than 0.1. 

Of course the whole argument is weakened by the fact that the «typical 
cloud chamber experiment » introduced so far is an approximation of the 
conditions in the real cloud chamber experiments, and by the fact that the 
value 0.1 taken for f is not certain (compare the discussion in Sect. 3°7). 


1438. — The main consequences of the non conservation of parity, charge conjug- 
ation and time reversal for the decays of the neutral bosons. 


if the charge conjugation invariance of the decay interactions of the heavy 
neutral bosons does not hold it looks at first as if the theory developed in the 
past sections should not hold anymore. This is however not true [11]. Con- 
sider first the case in which the charge conjugation and the parity are not 
conserved, but the time reversal invariance still holds. Then it may be shown 
again that, while K° and K° do not have an exponential decay, still the com- 
binations KŸ and K° do have such a decay; infact it may be shown easily that 
in such case, the combinations (2-142) (3-142) are not only eigenfunctions 
of the charge conjugation operator, but also eigenfunctions of the operator CP 
(product of the charge conjugation times parity) belonging to the eigenvalues 
of CP respectively +1 and —1; now (Sect. 12°6) if the invariance with 
respect to time reversal of the decay interactions still holds, the product CP 

x 


AN INTRODUCTION TO THE PHYSICS OF THE NEW PARTICLES 671 


is still a constant of the motion. Therefore the decay states originating from 
K° belong to the eigenvalue +1 of CP and the ones from K3 belong to the 
eigenvalue — 1; the two sets of states are again independent and KY, K; still 
do have an exponential decay. Also, for an even (odd) spin the 27 states still 
have eigenvalue +1 (—1) of CP so the 2x decay mode is a possible decay 
mode for K° (K°) but not for K° (K?). Therefore a strong difference in life- 
time between K° and K° is still expected and the same experimental conse- 
quences as before may be expected. It may be shown also that, notwithstanding 
that charge conjugation invariance is violated, still the ratio between the 
number of decays of the longlived component into e*m-v and into e-xt¥ is 
again one [11, 12] (compare the footnote of Sect. 146); the same is of course 
true for the zuv mode. 

If neither the parity, nor the charge conjugation, nor the time reversal 
invariance are preserved, on the other hand, it has been shown in|[11] that, 
in general the states K° and K° defined by (2-142) and (3-14°2) are not any 
more purely exponentially decaying states. In this case the situation is more 
complicated; one may still construct states having a purely exponential decay 
but one may expect in principle that both may decay by the 27 mode; although 
the rates of decay may well be different by a large factor. Also one may expect 
a deviation from unity of the ratio between the e¥x-¥ and e -7*v decay modes 
in the longlived component. ss i 

We finally discuss here [13], as mentioned in Sect. 144, the expected 
branching ratio for the three pion decays ot Kî, KS under the assumption 
that just one K and one K£ exist and parity is not conserved in their decay. 
We shall however assume that CP is conserved; we shall also assume spin zero 
for the K. The situation is then the following: 


1) The decay into x°+7°+7° is possible only for the longlived compo- 
nent (K°), not for the shortlived one (K°). This is simply due to the fact that 
the eigenvalue of CP for the x°+7°+-7° state is certainly —1 (the opposite 
as for the x++ 7 state). 


2) The decay into x++7-+7° is possible in principle for both the com- 
ponents but is likely to be unimportant (probability = 10) for the short 
lived one. This may be seen as follows: a) even if the rate of decay of the K° 
| into x++7-+7° were as large as the rate of decay of the Kt into Tim +73, 
the decay 7° + x + 7° would be unimportant having a branching ratio 
(pr 10° with respect to the dominant 27 decay (this of course assumes that 
in passing from the charged to the neutral three pion decays, no similar enhan- 
cement of the rates of decay takes place as is the case of the K,_; notice 


that while a reason can be given for the enhancement in the 2x decays, 


(Sect. 16°10) no similar reason applies to the three pion decays); 6) there is 


| 


n 
19 
% 


RS eo eee a ” 


Aye one A AM vga 
MLA DUR OT STAI Tn 
RI RETTA ET ia COTE OT RI N Sr 4 


‘a further factor of the order 100 in disfavour of the rt+7 +7 decay, due — 


ra 
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to the fact that J and V (J — relative orbital momentum of zt+7, 
l'= relative angular momentum of the 7° with respect to the xt, x centre 
of mass) must be at least both 1 since the three pion state originating from 
the K° decay has CP = +1. 


3) The branching ratio for decay of the longlived component into 
t+-+n--+7° with respect to the other modes, as well as the lifetime of tae 
longlived compenent may be estimated under three assumptions: a) that the 
rates of decay into the ruv and rev modes are the same for the K* and for 
the K°; 6) that transitions with |A7'|=4 are dominant and that decays into 
three pion states non-symmetrical in the momenta of the three pions are 
negligible with respect to decays into symmetrical states; these two assumptions 
(compare for their proper meaning Sect. 16°10, 11) imply [3] that the total 
rate of decay into three pions is the same for the K} as for the K*; ce) that 


no other decay mode contributes appreciably to the decay of the K£ (tor in- — 


stance vty or r°+v+y, ete.). 


If a), b) and c) are satisfied it is straightforward to show that the life time of — 


the K° should be about 7-10-8 s and that the branching ratio for decay into | 


rt+r-+r of K° should be }; the branching ratio for decay into FT AS 
should be [3] 1.5 times as large as this. 


CPR 


It appears that the above figures are not inconsistent with the present facts. 
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CHAPTER 15. 


The Determination of the Spins of the Hyperons. 


15:1. — Introduction. 


The Ki, is the only particle which, undergoing a decay into three charged 
spinless particles may be analyzed in greater detail for determining its spin 
and parity. For the particles which undergo a two body decay, and in part- 
icular for the hyperons, it is much harder to derive information on the 
spin. In this chapter we want to summarize the methods which have been 
suggested to get such information. Our description will deal with the methods 
based on analyzing the angular distributions of the decay products ‘of the 
hyperons and with the less direct considerations of RUDERMAN and KAR- 
PLUS [1] for determining the spin of the A° from the ratio between the mesonic 
‘and non-mesonic decay of the hyperfragments. 


15°2. — Some experimental data. 


In this section we collect some experimental data on A°, X°s angular decay 
distributions of which use will be made in the following sections. Consider the 
production and the subsequent decay of any of the above hyperons in a Wilson 
or bubble chamber (for an extensive discussion of these experiments, compare 
Chapter 17 and Sect. 20°6); for any observed production event one may de- 
termine some angles which will be important later: 


a) The angle g between the plane of production and the plane of decay 
of the hyperon; the plane of production is the plane containing the line of 
| flight of the hyperon and the line of flight of the producing particle; the plane 
| of decay is the plane containing the lines of flight of the decay products of 

the hyperon, or (it is equivalent) the line of flight of the hyperon and the line 
of flight of one of its decay products; the quantities quoted above are equally 
well measurable if the hyperon is a charged or a neutral one. The angle p may 
vary between 0 and 27. 


rd 
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b) The angle 0 between the line of flight of the hyperon and the line of 
flight of the decay products of the hyperon in the rest system of the same; 
0 varies from 0 to x. The angles 0 and g are reproduced in the Fig. 1-15°2 
below; there the z-axis is the line of flight of the decaying liyperon; the (zx) 
plane is the plane of production of the hyperon and the plane D is the decay 
plane (*). 

It may be useful sometimes to distinguish between the complete distri- 
butions which are plotted in the whole intervals 0<@< 27 and 0<0<7 
and the «folded distributions » in which all events are 
reported in the intervals 0<m<a/2 and 0<0< 7/2 
respectively. For the 0 distribution the «folding » 
process consists simply in a reflection through 6= 90°, 
for the g distribution it consists in summing the events 
produced in planes forming the angles 9, g +, 
2 — pin pe 

The knowledge of the distributions in the above 
angles for each kind of hyperon may give an infor- 
mation on the spin of the hyperon in question, as we 
shall discuss more in detail in the next section. 
Therefore it is important to plot these distributions 
for the events which are known; this will be done 
here. In this section we shall consider only the events in which the hyperons 1 
are produced in hydrogen; the ones in which they are produced in a dense 
material will be mentioned separately (Sect. 182.5); a very rapid increase in 
the number of H events may be expected mainly through the bubble chamber — 
_ techniques [2]. | 

The most extensive collections of events produced in H are the ones from 
the Columbia group experiments [2-4] and the ones from the Berkeley group © 
experiment [OI The producing reaction is, in the Columbia experiment (GS LO 


Fig. 1-15°2.— (From [8]). 
gra of the angles. 
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We shall first consider the events from the reaction (1); WALKER and 
SHEPHARD [6] first reported in a diagram the distributions in cos 0 and in @ 
for 12 A° events observed by them and by SHUTT and coll.; such distributions 


showed strong anisotropy (+), 
most probably due to statistical 
fluctuations. It has to be men- 


tionedthatthe events assembled 


NRE mmie ai MII 


by them were really a mixture 


of two kinds of events: events 


in which a A° is directly pro- 


cos @ 


duced in the reaction (1) and 


events in which the observed A° 


o 0 + Dé hs © © o 


is the son of an originally 
produced Y° which has decayed 
presumably according to the 
D>ÒA°+ +. 


a 


o 


decay reaction 
This should not be the case 
for the A° events of [4], for 
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Fig. 2-15°2. — (From [4]). Distributions in 0 and È 
in the decays of A® produced in hydrogen. 


which the angular distribution in 0 and © (=gp+7/2) are reported in 
Fig. 2-152; according to the Columbia group these are almost certainly 
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Fig. 3-15°2. — (From [4]). Distributions in 0 and D 
in the decays of Z produced in hydrogen. 


A° directly produced in H. In 
Fig. 3-15 2 we have also pre- 
sented the angular distribution 
in 0 and ® the for & from 
the same experiment. 

The Columbia distributions 
in 0 and ® do not seem to 
deviate essentially from iso- 
tropy, though the statistics are 
still much too poor; better 
statistics will be soon avail- 
able from the examination 
(now in progress) of the much 
larger set of events obtained 


nite AD Co 


Concerning the evidence from reaction (2-15°2) a distribution in 0 is avai- 


(+) No event had g > 45° 


| Jable [5] based on 155 & decays (~ 100 x”, 55 X*), where the Y are produced 
from the absorption of K at rest. 0 is here again the angle between the line 


in the folded distribution in g of the A° events. 


(*) This is being done at Bologna (Puppr and coll.) and at Pisa (CONVERSI and 


$ coll.). 
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of flight of the X and the line of flight of its decay products (in the centre of 
mass of the X). The distribution is consistent with isotropy. 


15:3. — General information obtainable from the distributions. 


The distributions in 9 and 0 may be generally written, of course, in the 
form [7] 
| IG) = = (1 + > AY cos My + > BY sin My), 
i M 
(1-15'3) i ¥ 
| eae y= are > AYP y(c08 0) . 
M 


For a spin S the sums over M extend in general from M = 0 to M= 2S; 
here, as in the following, we shall call « anisotropy terms » in the distributions 
those with M even and «asymmetry terms » those with M odd. 

From the values of the coefficients A®, BY and AY one may hope to 
derive some information on the spin of the decaying hyperon. The method 
to derive such information which we shall follow [8] will consist in computing, _ 
assuming a given spin S for the hyperon, the coefficients A, B and A in (1) à 
in terms of the parameters (to be called in the following 2,) describing the 
polarization state of the hyperon at the moment of the decay. 

We shall first assume that these parameters 2, are essentially unknown; — 
though in such case the information derivable from the analysis of the distri- x 
butions may give only a lower limit to the spin of the hyperon [8, 9], the 4 
_ results, to be summarized below, are very general; the points which may veg 
stated I nothing of ae ROME Dasamnaters are: 


ALI ee È 


a DL conclusion is possible if all the distributions are è otre. C 7 
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4) The asymmetrical terms mentioned under 3) are different if the as- 
sumption of the parity doublets model or if the assumption of the parity non 
conservation in the weak interactions is made. In the first case the 0 distri- 
bution may be asymmetrical and the g distributions may contain asym- 
metrical terms of the kind cos (2M +1)g, in the second case the 0 distribution 
is Symmetrical and the g distribution may contain terms of the kind sin (2 M +1). 


Later we shall consider the cases in which more is known on the parameters Ay 
describing the polarization state of the hyperon at the moment of the decay; 
then of course, more precise statements may be made and sometimes also 
« the value » of the spin and not only a lower limit to it, may be given. Such 
knowledge of the À, may be obtained considering particularly simple production 
processes of the hyperon or putting oneself in particularly simple conditions 
of observation. 

In the following two sections we shall first consider the general case in 
which the 2, are essentially unknown and we shall justify the statements 
1), 2), 3), 4) above; in Sect. 15°6 we shall consider in detail those processes 
for which we have more information on the 4, from the production process. 


ti 
15:4. — Angular distributions in terms of the polarization parameters. 


The purpose of this section is to express A, B, A, in (1-15°3) in terms of 
‘the polarization coefficients 2, which are supposed unknown. 

To solve this problem [8] we fix our ideas on a Y produced in the reaction 
(1-15°2) (the treatment for the reaction (1-15°3) is very similar however); we 
assume that the K produced together with the Y has spin zero but the state- 
ments 1), 2), 3), 4) of the last section and the majority of the results to be 
given in this section, hold independently of this assumption. 
| We consider in this section the simplest case in which no parity doublet 
assumption is made and it is assumed that parity is always conserved. 

We call 7%, the spin functions of the Y with spin S and spin component M 
in the direction of flight of the Y (M=—S...+ 8) and introduce 2841 
complex coefficients 2, depending on the details of the production process, 
which specify the state of polarization of the decaying Y. 

l'he normalized ,7, wave function of the Y may then be generally written as: 


| 

14 

| {1-15'4) aks SA DI TR 
M 


“it the Y is produced in a collision of the pion with a proton with spin up and as 


(2-154) sla AFS (— 1)" Aye, 
a ° M 
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if it is produced in the collision with a proton with spin down. Expression (2) 
is obtained [8] applying to (1) the operator PR where P is the parity operator 
and R is an appropriate rotation by 180°. For an unpolarized proton gas the 
distributions have to be calculated with the two wave functions (1) and (2) and 
the average has to be taken. When the Y decays, each function y$ gives rise 
to an outgoing pion-proton wave, the amplitude of which is: 


S M\t _ cea | AY Er 
(3-15°4) Ys = | a | x«Yy_} (0,9) ral sE | BY##(0, +), 


DE 
or 

SEMI S + M +1 È 
das) gt (E) 0) (TE Ario 


according to the parity of the Y. Here pg and 0 are just the angles considered 
so far. The final wave functions of the decay products are now obtained 
inserting (3) or (4) into (1) and (2); and the distributions in g and 6 are im- 
mediately obtained as the averaged squares of the final wave functions. It 
may be shown that they are independent of the parity of the decaying Y so 
that the same results are obtained using vs or wy in the following formulas (5) 


and (6). To be definite we shall insert w¥. One has 
+ 


(5-154) Isp) = 5 AS > | dcos {Sup +15 (—1)#-i,ps"f}, 
spin M nà M ut 
a 
and 
j 1 
GABA) AD delie epy 
final 
nucleon 


Performing the explicit calculations and comparing (5) and (6) with (1-15°3) 
one obtains the coefficients 45°, Bi? expressed through the 2,/s which define 
the polarization state. One may check that all the coefficients B® vanish 
identically as well as the coefficients AY? and ZŸ with M odd. The other 
coefficients do not generally vanish if. the hyperon is polarized. From the 
above statements it follows that the sums in (1-15°3) extend up to M= 2S — 1 


74 so that in particular for S =} the distributions are always isotropical inde- 

ARR pendently from the polarization. This result has been already mentioned. 

à È. By varying the polarization state of the Y, that is the Ay, one gets, from 

3: (5) and (6) for any spin S the set of simultaneous admissible distributions in ba i 
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and in così. Some of them are reported in the figures 1, 2 (taken 
from [8]) for the cases of spin 3 and 3; one may see, for instance, that for a 
spin $ to the most peaked distribution in g corresponds necessarily an iso- 
tropical distribution in cos 0; similar features are apparent in the other figures. 


0 0,2 04 06 08 10 0 15 30 45 60 75 90 


02 04 06 08 10 CONS 30) 45-60)675"90 


0.5 


15 02 0.4 06 08 1.0 0 15 30 45 60 75 90 0 02 04 0.6 08 1.0 O 15 30 45 60 75 90 

Fig. 1-15°4. — (From [8]). The distri- Fig. 2-15'4. — (From [8]). The distri- 

butions in 6 and g which correspond butions in 0 and g which correspond 

tot he maximum gq peaking (upper to the maximum gy peaking (upper 

curves), or to the maximum value of curves), or to the maximum value of the 

I(0=180°)/I(6=90°) (lower curves) (as- intensity at 180° (lower curves) (assumed 4 
sumed spin of the hyperon —). spin of the hyperon=3). > 


One may also see that an isotropic g distribution does not imply neces- e. 
sarily an isotropic cos 0 distribution. We do not insist on other peculiarities “a 
of the distributions waiting for other experimental results; if all the distri- 
butions turn finally out to be isotropieal no conclusion is possible, as 
already pointed out. 

155. — The distributions under the assumption of the parity doublet model or 
| of non conservation of parity in the weak interactions. 


Always in the line of leaving the À, unrestricted we now study the distri- 
butions under the two alternative assumptions mentioned in the title [10, 11]. 
«Assume first that parity is not conserved in the weak interactions (com- — 
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pare Sect. 12°5). The spin of the K is assumed to be zero. The reaction con- 
sidered is always (1-15°2). 

Then each outgoing wave will be a superposition, with coefficients a and d . 
of the two waves Vu and Vu with opposite parity. The expression (5-15°4) 


of the y distribution is therefore changed into: 


(1-155) 2 Le) = AIN: > . | cos 0% 
Da 
nucleon 


{IZ Aaapa + bu) + I> (— 1)" Hy laps + bys) |?} 


where N is a normalization factor =|a|? + |b/?. j 

The 0 distribution is of course obtained SESTA the ee in (1). 
over g instead of over cos 0. 

The change from (5-15'4) to (1-15°5) implies the presence of interference 
terms between waves with opposite parity. In the g distribution they give | 
rise to asymmetric terms of the kind sin (2M+1)9 (M=0,1..., S— 3); in 
the 0 distribution they cancel so that no asymmetry is introduced. We may 
give [11] the explicite expression of B®, that is the coefficient of sing in the — 
distribution (1) when the hyperon spin is 3. 0 
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For 8 pins larger than + the coefficients have more complicated acu 3 
but they all share with B the two properties: 1) of Le peus 
i FAR -2) ‘of vanishing if the Y is unpolarized. ) È 
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It must be emphasized that such asymmetries will be present only if the 
mass and lifetime differences between the two members of a parity doublet 
are very small. We have already pointed out that the equality of the lifetimes 
is not understood in the parity doublet model. 
| In such case the Y, K wave produced is a combination of four waves; 
considering first the proton spin up, we have to write for this wave instead 
of (1-15°4): 


(2-15°5) EU "x 89 + Ay 450 + A 459 + An 4x0]; 


where 7”, 7% are the spin functions of the two-Y’s and 0, 0 are the functions 
È + — +, 


‘of the two K’s (which are assumed to have spin zero); the Ay", Ax > A 03 Au” 
are the amplitudes of these waves and specify the polarization state; the fact 
that the state in question is an eigenstate of the parity conjugation bolo nz 
to the Pa +1 is RIA by the equalitie: 


(3-1505) Vigo enel DRS Pia N eee 


The four waves included in (2) may interfere at the decay only if the life: LOUE iS 
times and masses of the Y, Y do noi appreciably#differ, as we have said. pipe 
| Dakine use of (3) nai wave (2) may Da rewritten (normalized): 
| 
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The 0 distribution has the same expression with the integration over g 


instead of over cos 0. 

We consider first the 0 distribution; contrary to the case treated previously 
the distribution in 0 may contain now asymmetrical terms; that is terms with 
odd M may be present in /;(0). For S=} only A is different from zero; 


its expression is: 
HY = A'-(— Ap tayo HARAS +e.) 
Its maximum value is 3 and the corresponding maximum asymmetry is 3 (e 


Also the g distribution, calculated from (4), has now asymmetrical terms; 
they have now the form cos (2M+1)g, no term in sin My being present. 


For S=4 the coefficient AŸ is reported below: 


Ap =F Am [Ap TA HA Ay ++ c.c.]. 


—— 


Both A® and ZŸ vanish for an unpolarized hyperon. The experimental data 


are, as yet, insufficient to make detailed comparisons. 


15:6. — Specialization of the general formulae to particular processes. 


The discussion in Sect. 15°3 to 15°5 has been very general, since it does 
not assume any knowledge of the parameters 2, specifying the state of the È 
hyperon at the moment of the decay. Correspondingly the information on | 
the spin which one may derive gives di as already pointed out, lower limits — 


to the value of the spin. 


It has been remarked however ha if from the study of the De 
process of the hyperon the 2, are either known, or in some way subjected to 


some conditions, more information on its spin may be derived and, in favour- 


able conditions, also «the» value of the spin. Three processes will be peo 
D sad iti the following 18, which this SAR PRETE on they are: 4 


AN INTRODUCTION TO THE PHYSICS OF .THE NEW PARTICLES 683 


The Y which is formed in these three cases (A° or X in a), b); A° in c)) 
will be seen to be in a state in which the 4,, are either determined or in some 
way restricted. 

We shall consider closely in the following just the anisotropies in the 
distributions; as far as the asymmetries are concerned (which may be present 
either if the parity is not conserved, or if a parity doublet model is assumed) 
we shall report only the results. 

Consider first the process a). Assume the K produced with the Y to 
have spin zero and suppose to detect only those hyperons which are produced 
in the forward or backward direction with respect to the direction of the 
incoming pion (in the centre of mass system of the colliding pion and proton). 
We want to show that in this case the distribution in 0 (the angle between 
the line of flight of the Y and the line of flight of its decay products in the 
centre of mass system of the Y) is completely determined by the spin S of 
the Y. This may be seen as follows: consider the line of flight of the incident x 
which is the same as that of the outgoing Y; with respect to such line the 
component of the orbital angular momentum both of the incoming pion and 
of the outgoing Y vanishes. Since the K has spin zero, the component of the 
spin of the Y with respect to such line must be equal to the component of 
the spin of the collided PRESS which is +or è: Therefore the produced Y 
wave is simply described by x if the proton had spin up, and 15? if it had 
spin down, before the collision. The 6 distribution is obtained from (6-15'4) 
putting all the 4, — 0 except 2, and 4, = 1; the distributions for various 

‘ spins S are reported in the following Table 1-15'6. 


TABLE 1-15'6. 
Spin value of the Y Distribution 
1/2 1 
3/2 1 + 3 cos? 0 
5/2 9/4(5 cost 0 — 2 cos? 0 + 1) 


As ADAIR notices it is not necessary that the produced Y goes absolutely 
forward or backward; for an energy of 950 MeV of the pion a cone of 20° half 


LIRE RI PENE 


opening is admissible. ’ 
Notice [16, 8] that the above argument is pon valid in another case: namely ch 
if one may be sure that the Y is produced in an s state, whatever its direc- n 


tion is. Then the same formulae hold for the angular distribution of the line 
of flight of its decay product (in its rest system) with respect to its direction 


of flight. ste 
As far as the asymmetries in the 0 distribution are concerned it is clear ae as 
from the general treatment that no asymmetry may be present if the parity E; S ai 


eA er 7° 
i 2 e fr : | dl F 
i Li 4 4 È 
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is not conserved: if the doublet parity model is assumed to hold instead, there 
may be an asymmetry. 

Coming now to the process b) (absorption of a K~ bound in a Coulomb orbit 
by a proton), and always assuming the K to have spin zero let us first sup- 
pose the absorption to take place from an s state [7]. Then, if we consider 
the line of flight cf the produced hyperon and the angle 0 between such line 
of flight and the line of flight of the decay products of the hyperon in the rest 
frame of the same, the distribution in 6 is completely determined by the 
spin S of the hyperon. The argument is in fact identical to the one given above, 
for the s state production of a hyperon in a z~-p collision. The 0 distributions 
are also the same as before and are therefore to be found in the same Table I-15'6. 
If the absorption of the K does not take place exclusively from an s state, 
as it may be the case [17](*), the distributions of the decay products are no 
longer completely determined from the spin S of the hyperon; for instance if 
the absorption of the K takes place from a p state, partially or entirely, the 
expected distribution for the case of a 3 spin hyperon, has the form 14 A cos?4 
where À may have any value from —1 to 3. 

The experimental 0 distribution for the decay of Z’s from K capture 
are presently consistent with isotropy (Sect. 15°2). On account of what we 
have said this would decide spin $ for the &, if the K absorption took place 
from an s state; it is no longer strictly a proof if the absorption may take place 
also from a p state. 

Finally we may say that no asymmetry is expected in the 6 distributions 
of the decay products of hyperons produced by K7 capture at rest, if parity 

is not conserved; asymmetries may be present if the parity doublet model 
holds; there is no evidence presently for them. 

à The process c) which will be finally discussed consists in studying [15] the 
i distribution of the angle 0 between the direction of emission of a A° originating 
in the decay of a E° and the line of flight of the A° decay products in the rest 
frame of the A°. Also this method gives definite angular distributions for 
any assumed spin and parity of the HE” and A°. The distributions however 
JR for a spin of the & larger than + contain a parameter £ which is uncertain 
x and depends on the radius of the =. 


The distributions are reported in a table of [15]; one gets an isotropic 


4 «distribution if the A° has spin 4 whatever the spin and parity of the E7 are. 
È Considering the other cases one gets a definite distribution 143 cos? 0 if the 
«MI © has spin 3 and any parity, and the A° has spin 4 and any parity; the re- 


maining distributions all contain the parameter £ and are plotted in several 
figures in the reference quoted, under the assumption of a vanishing € (which 


(*) Detection of y-rays as in the x-mesie atoms might decide this point. 


\ 4 
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means radius of the Æ small with respect to the wavelength of the emitted 
Nr wave). 

On account of the few cases of = so far observed, a profitable comparison 
with the experiment cannot yet be made (*). 


15°7. — The spin of the A° from the ratio between mesoniz and non-mesonic 
decay of the hyperfragments. 


A quite different and less direct method for getting information on the 
spin of the A° (this method may be of use only for the A°) is the one proposed 
by RUDERMAN and KARPLUS [1], based on the fact that the ratio between 
the mesonic and non mesonic decay of the A°-hyperfragments depends on 
the assumed spin of the A°. | 

As we shall explain in detail in Chapter 21 a A° hyperfragment is a nuclear 
fragment ejected from a star and containing inside a bound A°; after an aver- 
age time of 10-12? to 10-!° s such hyperfragments decay as a result of the insta- 
bility of the A° which they contain; and may decay either with or without the 
emission of a pion, that is respectively, by mesonic or non-mesonic decay. 
On examining the detailed mechanism through which the two modes of decay 
take piace, KARPLUS and RUDERMAN have shown that the ratio between the 
rates of mesonic and non-mesonic decay of a given kind of hyperfragments, 
depends rather strongly on the assumed spin for the A°, so that one may be 
able to deduce from the observed ratio the value of the spin in question; it 
must be said that the method is rather indirect and involves the knowledge 
of the wave function (or at least of the binding energy) of the A° in the nuclear 
fragment; however it is perhaps the only method which presently gives some 
indication on the spin of the A° and we shall describe it here in detail. 

For semplicity we shall, unless otherwise stated, disregard the (A° — nr) 
decay and fix our attention only on the 7 p decay mode of the AS: 

The starting point of the Ruderman and Karplus’ method (a point which is 
due to PRIMAKOFF and CHESTON [20]) is that one may consider the non mesonic 
decay of the excited fragments as a kind of internal conversion process, that 
is as a virtual mesonie decay of the A° followed by the absorption of the 


| 
| (*) We may add that another, completely different, method for determining the 
| K, A, = spins consists in considering [18], in analogy with the method for determining 
the pion spin, the ratio between the rates of the reaction K +p —>2++7* and its 
reverse at the same energy. This method has been considered also in [19] where the 
complications arising from the parity doublet assumption have been discussed. 

Finally it is also evident that indications on the spins of the new particles will 
be given, at least if one spin is supposed to be known, from the momentum dependence 


of some production cross sections. 


|= 


UA + 2 
\ 
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virtual 7 meson from another proton in the nucleus; notice that we are not 
speaking of the case in which the A° emits a real pion which is afterwards reab- 
sorbed by some other nucleon in the nucleus; the distinction is important 
because the two cases differ essentially in the fact that the momentum of the 
exchanged pion is in the first case much higher than in the second in which the 
momentum is just that corresponding to a real decay. 

With this interpretation of the non mesonic decay the (Feynman) graphs 
representing respectively the mesonic and non-mesonic decay of a A° inside 
a nuclear fragment are reported below (Fig. 1); graph « corresponds to the 
real disintegration of the A° which emits at A the usual 77 and p, where the x 
has the usual momentum q= 0.73 me (m = pion mass); graph instead cor- 
responds to the previously described process of non-mesonic decay in which 
at the end no pion is present, but only a neutron and a proton having a kinetic 
energy corresponding to the total excit- 
ation energy of the A° because no energy 
is spent in creating the rest mass of the 
pion; in such case, assuming a A° ini- 
tially at rest in the nucleus, the final 
two nucleons move in opposite directions 
with a momentum k of — 3me each; 

Fig. 1-15°7. which corresponds to a momentum of 

; the virtually exchanged pion of — Sme. 

It is understood that in both processes, the vertex at A is due to the 
very weak interactions responsible for the decay of the new particles; on the 
| contrary in graph f the interaction operating at the vertex B is the strong 
a Yukawa interaction between pions and nucleons, which is assumed to be, for 
i example, the ordinary pseudovector interaction extensively used by CHEW. 

In comparing the rates of the mesonic and non-mesonic decay one has 
to calculate the matrix elements corresponding to the graphs of Fig. 1x and 
Fig. 16 respectively; both such matrix elements contain as a factor the matrix 
element of the weak interaction at the vertex A; on account of the fact that 
the pion which is emitted at A has, as explained above, a very different mo- 
mentum in the two cases, the matrix element of the weak interaction at A 
differs in the two cases, the more so the larger is the assumed spin S of the A°; 
the reason for this is that the amplitude of the low momentum pion wave 
produced in the mesonic decay is smaller than the amplitude of the high 
momentum virtual pion wave in the non-mesonic decay on account of the 
centrifugal barrier; this is the more so, the larger is the spin of the A°, that 
is, for the conservation of the angular momentum, the orbital angular mo- — 
mentum / carried by the pion. | 

More precisely if J is the orbital angular momentum of the pion proton | 
system produced at À the amplitude of the pion wave emitted is proportional 


> i x 
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to the momentum of the pion to the power /; notice that: 
(1-15°7) L= S°+ 4 


where the sign depends on the parity of the A. 

The ratio between the amplitudes for the two cases will then be propor- 
tional to (k/q)' where as already mentioned, q is the momentum of the emitted 
pion in the mesonic decay, and k is the momentum of the virtual pion in the 
non-mesonic decay; the ratio GY between the two rates of decay is then 
proportional to (k/q)?% 


RT (non-mesonic) 
2-15°7 Qo = a À (kg)! = COLT)! 
( ) RO (mesonic) (k/9) PARTO 


where C@ is a quantity independent of the spin of the A. 

The essential point in formula (2) is the large factor (k/g)?" = (17)'; passing 
from one / value to the next the ratio between the rate of non-mesonic and 
the rate of mesonic decay of a given kind of excited fragment should increase 
by a factor (17)°. 

This shows that the ratio in question is a véry sensitive function of the 
orbital momentum of the pion in the process A° p+r and therefore of the 
spin S of the A. 
| To determine which value of / gives the best agreement with the experiments, 
it is however necessary to determine the constant C™ in (2). 

Considering the Feynman graphs «) and f) we see that the rate of non- 
mesonie decay will be proportional to: 1) the density of the nucleons capable 
of absorbing the emitted pion, 2) the square of the Yukawa g constant for the 
absorption of a pion by a nucleon, 3) the phase space volume of the final 
products; on the other hand the rate of mesonic decay is simply proportional 
to the phase space volume of the final products. 

Assuming for the Yukawa constant at the vertex B the value g?/4ahc=0.08 
with a pseudovector interaction, we get for the quantity (© in (2) the ex- 
pression: = 


(3-15'7) CO =~ 50,P, = 
where 0, is the density of the protons in the nucleus, and P the probability 
that the A° is in the nucleus. i 

We may also mention that a completely similar expression is obtained for ta 
the ratio between the non-mesonic and the mesenie decay corresponding to. 
the decay mode A° +n+7° of the A®; RUDERMAN and KARPLUS give the °° 


+ x = 
IE © a a 
i A7 e I. ee 


688 C. FRANZINETTI and G. MORPURGO 


expression analogous to (3): 


CO = 2.50 


P, 


D 


where the factor 2 of difference is simply due to the fact that in a symmetrical 
theory the effective coupling constant for neutral pions is glv2. 


15:8. — Comparison with the experiments; the results and some remarks on 
their validity. 


We now apply (2-15°7) with the calculated values of C° (3-15°7) to the. 


light nuclei. The binding energy B, of the A° to the light hyperfragments 
(Z<2) is small and in these conditions the probability for the A° of being in 
the nucleus, is essentially determined by B,: We then get: 


| | 3Z e 
(1-15.8) oP= pr RV2M,Bx, 


where R is the radius of the nucleus and M, the reduced mass of the A°. We 
| leave aside the case of the excited triton on account of the fact that in such case 
a more detailed treatment (than that leading to (1)) of the probability ot 
finding the A° inside the nucleus (deuteron) should be necessary. Moreover 
out of eleven cases of decay ot excited tritons identified with certainty, not 


one of non-mesonic decay has been observed so that it is presently difficult — 


to know something of the experimental value of the ratio. 


vi We instead want to compare the theory with the experiments for a system a 

of charge Z= 2; using (1) and assuming Ra Ata 3t we obtain the values 
of QO reported in Table I-15'8 as a pue, of 1; the binding energy Ba que 
; À Res, as a Rennes i 


i ome Tare i 158. = atio-of non-mesonie ‘to mesonie ay vee, Now huperfragmente as ¢ 
À n of the 4 i 


a % 
r + a 
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or 1 are the assignments which best fit the data. On account of (1-15°7) the 
spin of the A° should therefore be 3 or 3; a value 3 would imply, a binding 
energy B, of the order of 1 keV, to be consistent with the experimental ratio. 

An independent test of the above result may be obtained, according, to 
KARPLUS and RUDERMAN, considering the ratio non-mesonic decay to mesonic 
decay in the heavier (Z > 2) hyperfragments; in such case we assume that 
the A° has probability ~ 1 of being inside the nuclear volume, in agreement 
with the experimental fact that the binding energy of the A° in heavier hyper- 
fragments seems to be larger (about 6 MeV in Be); the protonic density 0, 
is constant for all the nuclei and approximately equal to 3/87; several cor- 
rections due to the Pauli principle, (see also [21]), the reabsorption of 
mesons (compare also [22]), have to be made before comparing the exper- 
imental values with the ones obtained from the formulae (2-15°7) and (3-15°7) 
above. The corrected QT? values, QU, are reported in Table II-15'8, as a 
function of J. 


TABLE II-15°8. - Corrected ratio Q‘~) of non-mesonic to mesonic decay expected for hyper- 
fragments with Z > 2, as a function of the pion angular momentum 1 (from [1]). 


I 


0 1 2 3 


l 
= 4.8 80 1400 | 24 000 


Il 


( 
Qc 


The experimental ratio is ~ 20; Fry (see Sect. 21°4) finds 138 hyperfrag- 


‘ ments with Z > 2 decaying non-mesonically and just 8 decaying mesonically 


factor (17)' in formula (2-15°7) which allows easily to distinguish between 


Again from Table 11-198 is apparent that the ! = 0, 1 values are the 
best ones. RUDERMAN and KARPLUS conclude that on the basis of the above 
evidence the A° should have either spin 3 or 4. (*) 

We may close this section with the remark that two different reasons may 
possibly influence and modify the above conclusion although it seems im- 
probable; one is that, as we shali see from the discussion in Chapter 21, the 
experimental ratio non-mesonic versus mesonic decay is not surely established, 
and the figures given above are subject to modifications also in view of 
some bias which may tend to favour the observation of some modes of decay 
with respect to others; we do not include in such biasses the fact that the A° 
has the alternate decay mode n+7° and that the mesonic decays with emis- 
sion of a x° either may escape detection or not be correctly interpreted; this 
has already been taken in to account in the figures given in Table IT. 

The second remark is that, as pointed out by the Authors themselves, the 


. 


(*) The distinction between these two cases by this method appears difficult 


and is further complicated if parity is not conserved in the decay of the /.°. 
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one { value and the next one, may have to be replaced by a much smaller 
figure if the «radius » of the A° becomes larger than the Compton length of 
the pion; the above factor of 17 is in fact obtained only, as is apparent from 
the derivation, if it is assumed that the «radius» of the A° is small with 
respect to the wave length of the intervening pions. 

Unfortunately nothing can be said, at present, on the value of such « radius ». 
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CHAPTER 16. 


General Considerations on the Decay Interactions. 


16:1. — Introduction. 


Apart from some scattered remarks (in Chapter 10) nothing has been said 


| up to this point, about the properties of the interactions responsible for the 


decays of the new particles, besides the general statement that they are « weak » 
and do not conserve T and 7,. 

To such a discussion this chapter will be devoted; of course the question 
of the bosons, which has already been considered in detail has to be pout in 
mind in some of the considerations which will follow. 

The goals of a complete theory should be two: 1) to explain the values 
of the lifetimes and branching ratios of the various particles, with some few 
assumptions concerning the interactions responsible for the decay; 2) to ex- 
plain why the observed modes of decay actually take place, while other «a 
priori » possible modes do not or are much less effective. 

We begin by summarizing the situation, with respect to the above two 
questions, for the old particles; this is necessary to understand the situa- 
tion for the new ones. 


16-2. — The decay processes of the old particles. 


The reactions which we shall consider here are the ff decay of the neutron 


\(1-16°2) hp er y 
the p decay, 

Vv 
(2-16°2) pore+v+[or|, 
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the u capture: 

(3-16°2) fp > lee 
and the pion decay: 

(4-16°2) mT—>u+y. 


We shall have also to consider the reactions: 
(5-16°2) Tt->e+v and T>e+v+y 


which have never been observed. 

The first thing which one can do in discussing the above reactions is to 
compare the total phase space volumes available for the final products. We | 
refer first to the three reactions (1), (2), (3). x 

The remarkable fact is, then, that for these reactions the three phase space | 
volumes are, with good approximation, in the same ratios as the rates of > 
decay (*) (which are simply the inverses of the lifetimes). 


KEN he: phase space for the u-decay is: 
E12 


y? 
sfr 2(32 + 2p°? — 6Ep)dp = 


8 BV ST 
(27h) 


ke ; de 
4 ) Lu decay — (2ah)® 32 , 


* 


where Æ is the total energy available to the end products (in this case VOR ay exe. 
pressed in electron masses. — À 


_ The phase space for the F-decay of ree, MOE is: 


ehe deca = er Di = 167 ef GENRE En LUE DS Ses 7 à 
p! ro 4 SE fi Pa ha bea 
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This shows that the matrix elements of the interaction hamiltonian in- 
ducing the transitions (1), (2), (3) must be the same in the three cases [1-5]. 

This is rather satisfactory because the possibility arises of explaining the 
three processes (1), (2), (3), through the same kind of interaction. 

The problem is then to construct such an interaction so that the matrix 
elements for the three processes (1), (2), (3) result to be the same. Of course 
due account has to be taken of the processes (4) and (5) since the interaction 
chosen must not be in contradiction with them. It is instructive to consider 
two of the possibilities which appear to exist. 


16°3. — Weak boson-fermion interaction. 


A first possibility which one may consider [6] but which will have to be 
rejected, is illustrated in the following coupling diagram (Fig. 1-163). The 
pion is strongly coupled to the nucleon field (as indicated by the full line) and 
weakly coupled (as indicated by the dashed lines) both to 


the ev and to the uv fields. (np) 
The three couplings in question may be provided by a 
trilinear interaction of the kind: oe 
# Va me 
Dai 4 mt 
(1-16°3) Hi, = dns fl) dx + h.c. , ci (ev) (pv) 
Fig. 1-163. 


where g_ is the pion field operator and y,, y, are the spin- 

ors respectively of the n, p, or of the yp, v or of the e, v fields; g,, are the 
corresponding coupiing constants. / is a Dirac matrix chosen in such a way 
as to make the expression an invariant. 


This formula however refers to a situation in which everything is free to move in 
the volume V, which has been taken as our normalization volume. In other words 
the rate of absorption (3) would be that given by (**) if the muon density near the 
proton were V-1. This is not so however, because the y- is bound to the proton and 
its density near the proton is 1/47R*? were R is the radius of the lowest muonic orbit. 
To obtain the correct rate of absorption in this situation one has to multiply 0, absorption 
given by (**) with the ratio of the two densities: ($xR?)-!/V"1. We then obtain: 


À gv? 4nmi, V?n? 24mpa 
Ou absorption À (gr) 2-4mR®  (27h)° (137)? 


? 


where we have inserted for R its expression /?/m,e°. Comparing this expression with (*) 
we obtain: ME 
Cu Siro! Qu decay = DO 

The extrapolated (according to the (Z/10)* law) experimental value is around 107*; 
he agreement is rather satisfactory; the main reason of the factor 5 discrepancy is 
probably the fact that the extrapolation is not correct (Pauli principle [1]). 
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The coupling constant g,, is now determined by the known facts about 
the pion-nucleon interactions (nuclear forces and so on); such facts establish 
also the pseudoscalar nature of the pion (with respect to the nucleons) so that 
the interaction Ha may be considered fixed by these facts. 

We may next adjust the coupling constants g,, and g,, in such a way that 
the matrix element for the process (5-162) (x >e decay) is much smaller 
than that for the process (4-16°2) 7 >u+y decay, in agreement with the 
experiment. 

But then it turns out that the two step matrix element for process (1-16°2) 
(8 decay) is by the same amount smaller than the two step matrix element 
for the process (3-16°2) (absorption of u-) contrary to the experiment [6] (*). 

This is already sufficient to exclude the coupling scheme; in addition a 

second, and even more obvious difficulty against such à 
(np) scheme is that the process (2-16°2) (decay of muon) would 
be much too slow, because taking place through two weak 


T steps (u => Tv, Te Gay). 
oes Of course this last fact does not happen if one intro- 
» \ : x È 5 ‘ 
PE rg HA OA N duces in the coupling scheme a direct connection between the 
(ey) (pv) 


u, v fields and the e, v fields, as indicated in Fig. 2. 

This however ruins completely the spirit of the scheme; 
moreover the first difficulty remains. 

It may be added that not only the scheme in question is unsatisfactory 
as a whole; but already the branch (np) =z = (ev) even apart from all the 
difficulties mentioned above, is insufficient to explain the 8 decay spectra; 
this is due to the fact [6] that the pion is pseudoscalar and the equivalent, 
quadrilinear coupling produced by a pseudoscalar pion is the axial vector 
one giving rise to the Gamow-Teller selection rules, which as known, are not 
the only ones exhibited by the f phenomena; see also [7]. 

We therefore discuss briefly the second possibility. 


16:4. — Interaction between four fermions. 


This coupling scheme is illustrated in the diagram below (Fig. 1-16'4). 
Here a weak direct coupling between the three pairs of intervening fermions 
is assumed from the start. In addition the pion interacts with the nucleon 
field, of course, through a strong coupling. 

The direct coupling between pney is of the kind well known from the 


(*) Choosing g,, and g., equal there are other similar difficulties [7] even assuming: 
a pseudovector interaction (1). 


\ 
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B theory: 


(1-16°4) ESTA CARICO 


a linear combination of the five invariants with constant ge. The other 
direct couplings are assumed to be of the same general structure; the coupling 
between np and uy will be characterized by a set of constant g and the 
interaction between u, y and e, v will be characterized by 

a set of constants gf. The important point is now that, (np) 

with the interactions chosen in this way, one gets matrix ANS 
elements having the same order of magnitude for the EAS 
three transitions (1-16°2), (2-162) and (3-162) simply by LOS 
assuming that the coupling constants which characterize  (°Y SR 
the { interaction, or the muon decay interaction or the Fig. 1-16°4. 
muon capture interaction have the same order of magnitude. 

Therefore we may conclude that the order of magnitude of the rates of the 
three processes (1-16°2), (2-16°2), (3-16°2) are explained simply by: a) the 
phase space available to the final products, b) the assumption of the same 
interaction between the three pairs of fermions involved; the expression «the 
same interaction » being understood in the not yet precise way explained above. 


16°5. — Something more on the constants g,. 
We begin by rewriting the @ interaction in the more explicit form: 
(1-16:5) Hay = 08 OV Gok A gs P_Lho ox 


where the expressions S, V, 7, A, P are the invariants defined below, the 
signs being chosen so as to be in agreement with MICHEL [8], 


[ S = (y, By.) (pe BY,) 
| V= — {y vps a) — (vp av.) (pt apy) 
| (2-16'5) | T = (ps Boy,)(ps Boy,) + (y, Bay,) (ye Bay) 
| A= (y, oY,) (pe EV) — (Vp ¥sPa) (Pe Ys¥v) | 
| P = — (y By?) (Pe Bys¥y) - 4 
It is well known that, the neutrino having mass zero, the expression (1) is [8] 4 4 
the most general expression linear in the four fields, not containing derivatives, — Be 


£ | 
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conserving parity (*), and, if the g, are real, invariant with respect to time 
reversal. The order in which the operators of the intervening fields have been 
written in (2) is important because, if such order is changed (for example if y, 
is changed into y,) any of the interactions (2) is changed into a combination 
- of the others [8-10]. 


The meaning of the g; then changes. In the following the order will be | 


supposed to be fixed in the way indicated in (2). 

We may now ask what may be said about the g,. A first fact which is 
derived [11]: a) from the observation that in some f transitions the Fermi 
selection rules are operating and in other the Gamow-Teller, 6) from the ab- 
sence of Fierz terms in the Curie plots of the allowed decays, is that either S 
or V are present but not both with comparable magnitude; similarly either 
T or A are present but not both with comparable magnitude. Nothing sure 
can be said, as we shall see in a moment, about the P interaction. 

So leaving aside for the moment the question of the P interaction the 
B interaction might be of the form (ST) or (SA) or (VT) or (VA). Very dif- 
ficult angular correlation measurements indicate the first combination (ST) 
as the preferred one; the evidence for this last conclusion has still be to 
improved. 

We may thus conclude that the largest coupling constants should be g, 


and g,. However one cannot exclude very small admixtures of V and A inter- — 


actions; the present limit for g, is [Wu 11]: 


(3-16°5) Gat? 0.0): Pa 


Coming back to the P interaction we may say that, even if Ip iS larger 


- than g, and g, by a factor 10, it still produces very small effects in the 


most part of the 6) phenomena. A larger 9, QUE however be in contradiction 


with the experiments. 


ant 


; * (16 3) . ou 0. fi <i RE < dia Le sà i à 


Sharps 47279 2 
VINI ©“ ae È ‘a 
Nes nt o 
Sat, 
TEA 
Spe te 1 PAR 
Là FA ty “AA 2 
ù 


Han As far as the relative magnitudes of gs and Ge are concerned the Rio 
ER, data show, according to ore [11] thats 
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This being the situation it can be shown [8] that the half life of the neutron, 
expressed only through the dominant constants g,, 9, may be written: 


(6-16:5) e io” 
m5ctgs + 3grf(E) 9° mic! j(E)° 
where 
gia 
(7-16:5) f(B) = |p? ap(Vp? +1—), 


E being the available energy of the final products. 
This determines g as: 


(8-16°5) j= 6:15"10-* erg cin. 


We may now turn to the u meson decay and see [8, 12] whether the same 
constants as determined from the 6 decay, explain also the u meson decay. 

This question has not however a definite meaning until we do not specify 
in which order we want to insert the yew operaters in the quadrilinear inter- 
actions above; changes of order correspond to changes in the constants [5]. 
Also one has to specify if the two neutrinos emitted are both neutrinos or are 
one neutrino and one antineutrino. 

We may now fix the attention on one order, namely that specified by the 


correspondence: 


(9-165) È cae 1 


uvev 


and show that with this order the same constants used for the 6 decay may 
be used for the muon decay obtaining results consistent with the experiments; 
this both in the case of two like neutrinos emitted and of two unlike neutrinos. 

The quantities to be compared with the experiment in the case of the 


y decay are two: one is the lifetime 7, and the other is the parameter o intro- 
duced by MICHEL which determines the shape of the spectrum of the decay 
electrons. The experimental value of o is around 3 (*) and that of t, is 


2.22-10 8. 


Choosing the correspondence (9) and using the same constants used in 


(*) The best value of 9 (H. ANDERSON: private communication) appears now to 
be = 0.67 + 0.05. The additional freedom which one has, due to non conservation 


of parity, is such that there are probably many more possible choices for the g, and gi 


‘in the ensuing discussion (note added in proof). 


A 
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the 8 decay (that is making use only of g, and g,) one gets [8] for the case of 
different neutrinos: 


_ 3 (297 + 9s + 29597) 
4 g + 697 : 
3-29 fi 1 
| co mi mc4 gi + 697 


(10-165) 


Assuming again as in (5) 


(11-165) logh=\g,l = #28:28 106078: em? 
and in addition assuming now that the sign of g, is the same as the sign of g,, 
one gets [12]: 

070545 Ty, = 2:10" 


in reasonable agreement with the experiment. We may thus say that, as- — 
suming the correspondence (9), in the case of different neutrinos an interaction — 


(12-165) UP oie PI E 
with 9,~ 9, =~} 3.13-10-* erg-cm® is in reasonable ae with the 8 
and u decays. 


For the case of identical neutrinos, an interaction which explains the 
u decay is instead of the form [12]: | 1 


33 Lie 


(13-165) «984 GT +-9,P Mr | 
with | 
4168) = = 5, 3 «pie DNS 


sO 
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any four fermions would give the interaction among the four fermions in 
question. There are however two serious limitations to this Universality: 

1) Not all the processes «a priori » possible among four fermions are 
seen to take place, for example one has to avoid the processes which do not 
conserve the charge or the nucleonic number; and one has to avoid also other 


processes such as: 


| ui > et + ef 4 e* 
(1-16°6) 
Lutr-nte 


which have not been observed. 

Thus the terms corresponding to such processes should not be written down 
in the Universal interaction, which fact already limits its character of Uni- 
versality. 

2) Assume we write the interaction in the form (1-165) and assume 

that, for the npev interaction, the order in which the fields appear be that 

| specified in (2-16°5); we then would like to say that the same interaction re- 

presents the interaction among four other fermion fields a, b, c, d if simply 

these fields are inserted in (2-16°5) at the place of p, n, e, v; however, as already 

mentioned, this is not a definite statement until one does not specify the order 

in which the a, b, c, d fields are inserted, or, in other’ words, the correspondence 

a, b,c, d = p, n, e, v. Only one interaction is independent from such specifi- 
.cation, being totally antisymmetric. 


It is the interaction with: 
(2-16.6) 9g =— Gg GR 0 97 = 97 = 0 


proposed by CHRITCHFIELD and WIGNER [13]. This choice seems however 
incompatible with the evidence from the $ spectra. 


As far as the first objection is concerned one might be inelined to maintain a 
the assumption of a Universal Interaction simply adding a prescription to x 
insert some terms and exclude others. The first proposal along this line issdue 2 sa È 
to YANG and Tromno [14]. A more recent attempt is that by KONOPINSKY Si 


and MAHMOUD [15]. 

The second objection is more difficult to answer; several attempts have 
been made to find reasonable ways to establish in an unique way the cor: 
| respondence but without too much success. This difficulty is unsolved also 
in the scheme of Mahmoud and Konopinsky. 
| Therefore we may conclude that, while it is certain that there is a class 
| of phenomena governed by quadrilinear matrix elements with the coupling 
| constants of comparable magnitude (5-16'5), it has not yet been possible to 
express this idea in a rigorous and unambiguous way. 


| 
| 
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16°7. — The decay of the pion. 


The last question [16-18] which we want to mention is whether the 
eoupling scheme (Fig. 1-164) is able to explain the rates for the processes 
Tt->utv and 7--e+v and to predict that the rate of the first process must 
be much larger than that of the second (which has not yet been observed). 

Of course both these processes are possible according to the coupling scheme 
in question: the x first goes into an intermediate state in which a nucleon 
and an antinucleon are present and this state next goes into a p+v state or 
into an e-+v state. Perturbation theory calculations have been made for both 
processes assuming a pseudoscalar pion and various kinds of Fermi coupling 
between pnev and between pnyy. 

The order of the @ interaction being that written down in (2-165), all the 
Authors implicitly assume in their calculations a correspondence: 


(1-16°7) È na à 
pnyy 


However, it must be emphasized that, since we know nothing from the u- 
absorption on the correspondence, any other correspondence, for instance 


(2-16'7) È ua o) 
pvun 


| would be equally admissible. : 
Until explicitly mentioned we shall however refer, from now on, to the 


(Frag pon dents (1-16°7). 


When we proceed to calculate the rates of eae mese ere n sich 


4 à we immediately see that such rates either vanish (due to the PRG of ne 
12 pions canne), or gere à 


dal 
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TABrE 167. 


| eax Ò 7 À : i | ; | i | n ¥ \ 
| Kind of coupling (*) (NNuv). . . | S | V A | dh) | IP 
Rate of decay t>u+v. . . . . | 0 0 diverg. | 0 | diverg. 


(*) The correspondence 1-16°7 is assumed. | 
(F) Means that the process is forbidden by the Furry theorem. 


| 

| | VISO | SEE 
| 

| 

of (t uv) and (x >-e+v) will be both divergent, one may still consider 
the ratio À between the rate of the transition x e+y and that of the transition 
T —>u+v. This ratio is finite even if both the numerator and denominator 
diverge. For an A coupling this ratio is: 


(3-16-7) eee JA) 310; 


Ny 
while for a P coupling it is: 


(4-16°7) R,æ5.1. 


It has to be recalled that according to LOKANATHAN and STEINBERGER |19] 
the experimental value of R is (— 0.3 + 0.9)-10-4; ANDERSON and LATTES 
(private communication) obtain an even smaller value. Comparing these 
figures with that given in (3) one may conclude that it is difficult that the 
theory may explain the experimental ratio, but, if so, the quadrilinear inter- 
action must contain an axial vector part and no comparable P part. If we 
remember the conclusions arrived at from the 8 decay (compare form. (3-16'5)) 
we see that the situation is not particularly encouraging. However, it cannot 
be excluded that the very small fraction of A interaction which is still com- 
patible with (though not requested from) the B data is just that needed to 
explain the situation. a 
But even if it explains the value of R, is it sufficient to explain the absolute 
value of the 7 >u+v rate of decay? On account of the divergences it is 
difficult to answer this question, but if a reasonable cut-off is introduced, the 
answer is negative. 
We may at this point remark that a much simpler situation is obtained it 
| we renounce [20] to the correspondence (1) and choose the correspondence (2). 
| Then we may assume that both for the $ interaction and for the (pnev) inter- 
action just a coupling S+T exists. Then the decay x — e+v is strictly for- 
bidden. On the contrary for the (pnvu) interaction, an interaction S+7 with 
the correspondence (2) is equal to an interaction containing a pseudoscalar 
and an axial vector term with the correspondence (1). Therefore the decay 


n ->u + v may take place. 
| î 


18 
) 
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A further complication to this problem is due to the fact that even if it is 
possible to explain the absence of the x >e+y decay with respect to the 
T>u+v, the absence of the decay: 


(b:16 7). T—-e+v+y 


may be difficult to understand. While, with a 7 interaction the decay 
x —e—+v is certainly forbidden, the decay (5) is not; the Furry theorem does 
not operate any more, in this case, due to the presence of a y-ray. According 
to a paper by TREIMAN and Wy LD [21] the rate of the decay (5) would then 
turn to be ~ 0.025 of the rate of the 7 >p+v decay, contrary to the obser- 
vation (compare also [22)). 

We notice again [20] that the choice (2) of the correspondence proposed 
here solves also this difficulty. 


tt ne ni i à = 


16.8. — The decays of the new particles. 


In examining the decays of the new particles we begin, as in Sect. 16°2, 
by comparing the decay rates with the available phase spaces. We therefore — 
report in the following Table I-16'8 the value of the phase space for the decay 
of the particle indicated in the first column into the channel indicated in the 
second column taking the phase space for the K° decay into x*x~ as unit. 


TABLE 1-16'8. 


Phase space 
(K9>rt+n- 
taken as unit) 


Particle | Exper. rate | decay ; that for the 
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We report both some decays into nueleons and pions only, and some decays 
into leptons; the phase space for decay of a particle of mass M into two part- 
icles of masses m,= @M and m,=yM is proportional to: 


o = M°V1 + (a — y?)? — 2(a? + y 1 — (a? — y} ](2S, + 1)(28, +1), 


where S, and $, are the spins of the final particles. 

For comparison the experimental value for the partial rate of decay into 
the channel in question is also reported in column four. For deriving such 
value from the measured lifetime it is necessary to know the branching ratio 
leading to the channel in question; if there is Just one decay channel, or one 
is predominant, the rate of decay is simply the inverse of the lifetime; this 
is the case, usually, for the old particles; if there is more than one decay channel 
the rate of decay into that channel is the inverse of the observed lifetime, 
times the branching ratio for decay into the channel in question. The poor 
knowledge of the branching ratios in the most part of the cases, prevents à 
good knowledge of the rates of decay; in completing the table the values of 
the branching ratios reported in table I-1°3. have been used. 

Finally we have reported in column 5 the rates of decay from column 4 
expressed in terms of the Kî >x*+x- rate of decay. 

It is apparent from the table that the ratios*between the rates of decay 
for the A°, X*, E- and the rate of decay of the K° are in agreement with what 
is predicted from the phase space within a factor of 10; the same may be 
said for the rate of the K* > 37 decay (for this compare also Sect. 16°11). 
Therefore the strength of the interaction responsible for the above decays 
should be, more or less, the same in all the cases above. However the Kr 
decay into x*+x® has a rate 400 times smaller than that predictable from the 
phase space; also the rate of the K >pu+v decay is ~ 10% times smaller than 
the value given by the phase space. 3 

Even including these two cases (the case of the K,, will be discussed in- ‘a 
Sect. 16°10; remark that the difference by a factor 400 between the Ket are 
and K? >x*+x rates appears at first rather strange), the general impression ¢ 8 
one has from the table is that a unique coupling constant is responsible for 
all the decays; and that the deviations are attributable to such things as 
weak selection rules, or final state interactions etc. It is also apparent from 

the last row of the table that the coupling constant into play here is not es- a De, 
sentially different from the one which appears in the x >u+v decay. pus 
This being the situation, all the attempts to bring order in the field of the 
| decay interactions, have been, as it was the case for the old particles, of the 
following nature: write down some « fundamental » elementary weak inter- 
action between different fields, with a given coupling constant and interprete 
the decay processes as due to this interaction (with the partecipation, in some 
| intermediate steps, if necessary, of the known strong interactions). 


PIT MER e] PER CI TROTA 


| CREPERIE RE 
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An elementary interaction in this sense might be one connecting directly 
two fermions and one bosons (as is was the case for the coupling scheme of 
Sect. 163); one speaks then of weak boson fermion interaction; for instance: 


Cp 
H'= 9WayuWo a e Td 


where y, and y, are two fermion fields and g, a boson field; one would like 
to have the same coupling constant g whatever a, b, € are. 

The results which one obtains in this way have been discussed especially 
in [1, 2], We report, as an example a part of a table from [2] in which the 
rates of decay for various processes are given assuming g in H' to have the 
value needed to explain the x >u-+v lifetime (namely g?/4a = 3.6-10-15m). 

For other tables calculated using non gradient couplings or for higher spins — 
compare [2]. The general conclusion is that the order of magnitude of several. 
processes may be obtained although a quantitative agreement is still lacking. 

Another mechanism which may, again qualitatively, explain the various. 
processes is that of the Universal Fermi Interaction; such a mechanism ap- 
pears to be capable of giving a rather unified picture of all the decay pret 
including those of the old particles (for a possible solution of the 7 >e+y 
difficulty compare Sect. 167). 


TABLE II-16°8. — Values of the rates of Ca obtained for several processes with the inte 
action Jay uPo( OPc| OXy) and with (9*/4x)mî = 3.6-10-15 (the value needed to explain th he O 
t>uty Pale) (from [aj 


i Decay process FS Calenlated rate (8-1) [es Exper. rate (8-1) 4 


aus APRES En D 0.25-10 
Pipes ue. 0.7 +10 | PARENT ST QE 
Be Ame LR atomi | ~ es 10% 
UR RCE fe 7-10 a ia n 0 
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With this scheme the decay of a A°, is, for instance, interpreted as: 


| A>n+n+n->n+7"n° 
(2-16'8) 


or 
| Gi pi 


The decay of the Y* takes place according to: 


p+ 
(3-16°8) Shes DRE in 


SEA 


and so on. 
As far as the = is concerned, it might decay either according to: 


(4-16°8), E —n+n+p-n+Tr 
or according to: ‘ ñ 
(4-16°8), ESA tnt poh pre 


Se 
— 


A pparently the prefers the second way; ae shall return to this point in 
ect. 16°10. ZA 
| Notice that according a the general interaction a -16° Le chosen we might 
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The scheme which applies is then [6] 


1 _- N+N- pions 


‘oo leptons 


(6-16'8) K—>Y+N 


The first step, indicated as I, is due to a strong interaction, the same inter- 
action which, when inverted, gives rise to the process of associated production; 
it conserves the strangeness. The second step (II) is instead due to the weak 
Universal Fermi interaction postulated above (1). It may give rise either to 
a state in which a nucleon antinucleon pair is present, which then decays into 
two or more pions through a strong Yukawa interaction III; or to a state in 
which two leptons are present. 

Of course, in addition to the leptons, it is always possible to have pions, . 
without decreasing appreciably: the matrix element; they may be produced, 
through virtual Yukawa steps, in the first intermediate state: 


Bg Ne Y+N+7-—> leptons . 


It is worth of mention [6] that with this interaction one may explain the fact | 
that the decay processes of the bosons which involve finally leptons are not 
discouraged with respect to those which involve final pions only. We may — 
remark that, if we had for instance assumed a primary weak coupling of the 
kind (KNN ) this would have given rise to the K decay into pions according to 


ko N+N-> pions, 


~ 


; =~ 
Shui the decay into ene would have been very Hush Ei 
to gare Pes a second weak interaction: 
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In this respect however the situation is not different from that for old particles 
(recall for instance the processes (1-16'6)). 

Similarly all the observed decay modes of K? and K° may be inserted in 
the scheme, though the (strongly presumed) absence of many modes like v+% 
or v+Ÿ—+n or u'+u- or et+e- is not entirely clear. 


16:9. — The £-decays of the hyperons. 


With the assumed scheme one may easily [6] calculate the expected rates 
of decays of the hyperons through the reactions (5-16'8). 

We shall assume here that the interaction and the coupling constant for 
such decays is exactly the same responsible for the 6 decay of the neutron. 

Then the lifetime for the 8 decay of the A° turns out to be: 


(1-16°9) t=t Jo 


where 7, is the lifetime of the neutron. Here f, is the phase space for the 
8 decay of the neutron and f,. is the same quantity for the process (4-16°8)p. 
Since f,æ 1.6 and f,,=(1/30)Q%:, Qao being the of the decay process (5-16°8);, 
expressed in electron masses (= 340), we get: 


» (2-16°9) t® ~110-10-" s. 


We thus see that the lifetime for the 8 decay mode of the A° is about 
50 times larger than the observed one for decay into nucleon and pion. In 
other words one A° over 50 should decay according to this process. 

The situation, in this respect, is more favourable for the X* where in 1 case 


over 20 the 8 decay should take place (always if the coupling constant is the 
| same as for the neutron and the transition is an allowed one). E 


For the =, if a direct interaction of the kind (E-ne-v) is present with the 
same coupling constant (see however the next section), the lifetime for the 


_ B decay should be [7]: 


NP ere EE 


(3-16°9) TÉ = (2 + 3)-10-19 8 pi 


which is of the order of that observed for the decay process E° > A®+7. 

One might at this point try to calculate, one after another, all the decay 
processes described in the previous section through the Universal Interaction, 
making detailed assumptions on the form (S, 7, V, A, P or a combination — 


of them) of quadrilinear terms which include the hyperons; the divergences _ 


| make such an analysis not much fruitful and we shall interrupt at this point 


these considerations. 


i e is not an explanation for the absence of the decay in question, but its inclusion 
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16:10. - The rules AS = +1, AT = + 3. 


Two points which have not been touched in the past section deserve con- 
sideration here: they are: 1) Why does the E decay into a A°+x7 and not 
into a nr, a decay which would be also favoured by the phase space? 
2) Why does the K°, (or better the K{_;) decay at a rate 100 times larger than 
that of the Kt? 

As far as the first question is concerned, it is necessary to notice that on — 
account of the small number of = observed, the fact that the decay 
E- +n-+7- does not take place at all, cannot be considered very well founded; 
however it is perfectly true that one would have expected the decay to take 
place in the above way and this, so far, has not been the case. 

GELL-MANN and PAIS [8] have noticed that the absence of the &# >n+7- 
decay may be the expression of a general property of the weak interactions, | 
namely that in the decays in which only strongly interacting particles inter- | 


vene the strangeness S may change only by + or —1: 
AS= +1. 


In fact all the other decays of hyperons and heavy bosons into states in 
which only strongly interacting particles are present, are consistent with the i 
. rule AS = +1, and, assuming this rule to hold generally the decay 2 +n+7n- | 

is avoided in favour of the decay E > A°+7- (*). ki 
According to this point of view decays with AS = +1 should be of the! l 
first order in the weak decay coupling constant, and decays with AS = +2 
| should be of the second order, and so completely negligible. In a sense this A 


in a more Qu rule whieh: bas, 10 be understood; wee a possible i cism 


ber ü ns, nue in which fer are emitted. There, Lui one an 4 
M pento to the leptons, but this is not easy, if the strangeness has 
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Confining oneself however to decays in which only strongly interacting 
particles are produced, it is immediately seen that the rule AS = +1 is 
equivalent to the rule AT, = +3. This suggests, as also remarked by GELL- 
MANN and Pars [8] a dun generalization of the rule, which consists in 
assuming that the weak transitions to final states in which only strongly inter- 
acting particles are present, are restricted to satisfy not only AT; = +} 
but also: i 


(1-16 10) AT = + 


T being the total isotopic spin. 

Of course to this rule one can apply all the remarks inherent to the 
weaker rule AS = +1 (or AT, = +4). 

The possible consequences of the rule (1) have been investigated by GATTO, 
DALITZ, WENTZEL and by several other Authors [9-15]. One of these con- 
sequences concerns the second point proposed at the beginning of this 
section and will be discussed now; others imply limitations to other processes 
and will be discussed in the next section. 

Consider the two pion final states from the decay of the K*; their iso- 
topic spin must be 1 or 2, since T= 0 is not possible, the charge being 1. 
Since the final wave function must be completgly symmetrical, the final state 
must have 7 =1 if the spin J of the K is odd and T = 2 if it is'even. 

Consider now the decay of the K° in two pions. Here the final states with 
T=0, T=1, T=2 will be accessible, and more precisely, 7 = 0 and 7 = 2 
for even J and T=1 for odd J. 

Since the initial T of the K is + one therefore has: 


a) for even spin: the decay K‘_, is allowed by the rule (1) but the decay 
K., is forbidden, the only possible final state having then T = 2; 


b) for odd spin: both the decay K},, and K,; are allowed cree to 
the rule (1) and in fact their rates will be identical. 


So, for an even spin of the K, there is in principle the possibility of having, 
on the basis of (1) a large difference between the rates of decay of K_ and KE, : 

The difference is even too large: the decay of the Kz, is RE To 
overcome this situation two possibilities appear: one consists in taking into 
account the electromagnetic effects, the other in assuming that, even apart 
from electromagnetic effects the rule |AT|=3 is not a strict one and that 
the interactions responsible for the decays have also a component which may 
change the isotopic spin by $ or more. 

Perhaps [15] the n effects are too weak to give rise to a 
sufficient transition probability to the T = 2 state; by electromagnetic effects 
it is meant here both the emission and the reabsorption of a virtual photon — 


or the effects connected with the z+, r° mass difference. 


46 — Supplemento al Nuovo Cimento. 
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If this is so, one has to assume that the rule (1) itself must be modified in 
the sense that the weak interactions contain a dominant part fulfilling (1) 
but also a part (6-10-2 in amplitude) (*) producing transitions with AT= 3 


1611. — Further consequences of the rule AT = + 3}. 


Other cases to which the rule (1) has been applied include the following: 


1) Branching ratio in the decay of the Kî. — With the pure rule AT= + 3 
one obtains: 


ae R(K°>r°+ n°) 1 
TAR RR > Bri 30 


assuming even spin, of course, for the K°. The experiment of the Brookhaven- 


Columbia group gives for the above ratio 0.14 + 0.06. 


A mixture of AT—3 interaction (compare the past section, footnote (*)) | M 


gives rise to a ratio (1-16°11) in between: 


di ) 


depending on the relative phases of a; and a,. For |az/a, | = 6-107? the limits 
are 0.62 and 0.38. | A 


da and 0.5 (1 —3v2 es 
dal 


di 


2) Branching ratio ie the decay sh the A°. — With the pure AT=+}, 


DE rule one has: 


hen ; (Esa RAY + n) af 
2A 11 FOLLA pioli negare en. 
71e Le api FL EU) 3! 
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z 


the pure |AT|— 4 rule results: 
Su 
(3-16:11) Es 
| where x is determined through: 


(41611) RT Ber 2/20 cop 
REF > n + xt) 1 + 24° — 24/22 cos y 


In (4) y is 03 — 6,, the difference between the T= and } phase shifts 
in pion nucleon scattering, appropriate to the energy, parity (*), and angular 
momentum of the final state. According to the experiment described in 
Sect. 20°6 the experimental value of (3), namely 2.2 + 0.5, is in contradiction 
with the one derived by determining x through (4) for any spin parity assign- 
ment of the X; in such experiments f is — 1. 

4) The branching ratio (K*>7°+x°+x+)/(Kt+> nt++n++7-). - The ratio È 
between the rate of the Ki, decay into z++7°+7° to that into nt nt x is | A 
also dependent on the isotopic spin state of the three pions produced. D 

If the rule |A7|=4 is fulfilled, then the final three pion state has T—1 
and one may obtain for the ratio of nt tno LA ton ET dae decay—a a 
the values between 1 and 4 (times 1.295; see later for this factor) [17]. . 
However, if we assume, as Soda in the discussion in Chapter 13 that the 
K}, is pseudoscalar (0 —) then the same discussion shows that the spatial part — Rat 
of the three pion wave function is predominantly symmetrical with respect 
fo interchanges of the momenta of the three pions. If this is so and if the | 
rule |A7|=4 is fulfilled, the ratio between the two probabilities of decay ing 
nentioned sha turns out to be determined ( (+) [9, 45]: ok 


Ret $x$ ne) _ 
Sr 7) 


1. 295 = 20; 325, 


E S ER 
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where the factor 1.295 is the ratio between the available phase space volumes 
for the two cases, due to the 7°-7* mass difference. 

Presently (Sect. 1°3) the ratio (5) is in reasonable agreement with the 
above value. 

The ratio (5) may depend sensitively on the [AT 
interaction, if it is present in some amount; on the contrary it is independent 
of the amount of the |AT|—3 interaction, if the spatial part of the three 
pion state formed has to be symmetrical. 


= $ part of the decay 


5) Branching ratio K*,/K*,. — The problem of the two bosons has 
already been extensively discussed and various ideas illustrated. Here we simply 
want to notice that if the K+, and the Ki, are different decay modes of the 
same particle the rule [AT | = might be relevant to explain their branching 
ratio. The problem is in fact that of explaining why the branching ratio ~ $ 
of Ki, to Kj isso large as compared to the phase space available; in fact for a 
radius of the K equal to #/M,.c one gets a phase space ratio — 2-1074 and for 
a radius equal to #/m_c a ratio of the order 7-10? (Table 1-16°8). But, if a rule 
like the one mentioned above is effective, the decay probability of the K?, is 
reduced by a factor — 400 with respect to that of the K°, which may be thought 
as taking place without limitations; on the other hand the rule |A7|=} does 
not affect the K*, decay rate appreciably. So the ratio between the Ki, and 
K}, decay rates may be understood. Of course if the Ki and K+, decays 
proceed from the same initial K through the mechanism of non conservation 
of parity, one might also think that the interaction leading to states of parity 
minus (K7,) is much stronger in this decay that the part of interaction leading 
to states of parity plus (K£); but this would not be much in line with what 
seems to be the case in the $ interactions. 


pion state is therefore F(p,, ps, P3)x With F symmetrical and the probability of decay 
in the mode x*+x*+x- is obtained adding the squares of the projections of this function 
over the states u,uyW%s, Wiz, w,uyg. Similarly the probability of decay into the 
state m*+7°+7° is obtained making the square of the projection on the state UgV Vo - 
In this way the ratio } is obtained. 

We also report here the completely symmetrical 7 funetion with 7 = 1, Ti = 08 
it is useful for the considerations of the end of Sect. 148; it is (4/5/3)y¥ + 37! where 


i Ny 
KO = (UW, a Ua — VzVo)V5 N 


1 
V3 


er 4 K 
Mie 1 
ka = Va ((10,0, + avg — (xv, + us0,)w8) — Mas (uw, + usw, + 20,0,)0g . 
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We shall list here the results of some calculations concerning the electro- 


magnetic decays of the new particles. For more detailed discussions we refer 


to the original papers. 


The radiative decays of the heavy bosons 


have been considered by 


DALITZ [18]. Such processes may take place in two ways: a) the photon may 


be emitted by one of the final charged products, by a bremsstrahlung process 
b) the photon may be emitted «directly » that is during some other inter- 
mediate state of the decay process of the particle in question. Pro- 
cesses of kind a) may be calculated rather accurately, their probability being 
usually 1/137 times smaller thah the corresponding non radiative decay and 


the photon spectrum being a dk/k one. 


Processes of kind b) are more difficult to estimate. Of course if both pro- 
cesses may take place with comparable matrix elements interferences may 


also appear. 
The processes considered by DALITZ are: 


(1-16°12) Kt rt ++ ae (Ke) 
(2-1612) KŸ—rt+n +7 (Kooy) 
(3-16°12) Ki rt +" (Ka 
(4-16°12) Ke ee oo et. (Ber 


If the spin of the decaying particle is zero the 
K,.,, process is dominantly of kind a) because 
the centrifugal barriers reduce much the pro- 


* bability of b). The bremsstrahlung spectrum 


obtained is plotted in the Fig. 1-16°12 (where 
also the case of spin 2 — is reported). 
As far as the process K,,, is concerned 


(compare also [19]) the bremsstrahlung pro- 


ween K 


cess will again be x times more unfrequent 
than the K,, process. The direct process, for a 
K+ having spin zero, will produce a state 1 — 


of the two pions, thus emitting an electric 


dipole photon if the initial K had parity -- 
and a magnetic dipole photon if it had pa- 
rity —. One may expect the competition bet- 


nly (direct transitions) and K_, or 


OG e aN 

—- non-relativistic) sj 
relativistic. JSPiAtO-)\ 

—*— (non-relativisticY Spin(2-) \\ 


Op iOe 20), 30 © 60) 
Fig. 1-16°12. — (From [18)). 
The probability R(k) for emis- 
sion of a photon exceeding 

le MeV. 
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K,, to be 10-1105 for a K radius R ~h/M,c: 


Rate (27 + y) (dir. trans.) 
Rate (37) 


= 0.01 (uR)* (spin zero), 


where yw is the inverse pion Compton wave length. 
Finally, always considering the case of spin zero for the K the process 
(3-16°2) is forbidden and the process (4-16°2) can be seen to be very improbable. 
For higher spins of the decaying K the radiative processes acquire much 
more importance. For instance for a spin parity assignment 2 — the ratio 
R(r+y)/R(3x) may be, according to DALITZ, as high as 24 although there 
are, of course, uncertain factors in the calculation; as already noticed this is 


a possible argument against assigning a high‘ value of the spin to the K_,. 


The radiative decays of the hyperons, such as X* >p+y, X°>n+y _ 
have been discussed in [12]; they are quite unimportant from a practical point | 
of view and we refer for them to the mentioned paper. 
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LE n ep 


PART.ILI 


INTERACTION PROPERTIES OF THE NEW PARTICLES 
WITH THE OLD ONES 


Introduction. 


The purpose of this chapter is to compare the classification scheme of — 
Gell-Mann and Nishijima with experiments; more precisely, recalling that the 
predictions of the scheme as far as the strong processes are concerned, are p 
summarized in the Fig. 1-11°7 and 2-11°7 we may ask: 


1) Is there any evidence that the reactions described in the Fig. 1-11°7_ ‘2 
‘ and 2-11°7 actually take place? 


Dats there, on the other hand, any evidence for reactions which contra- 
dict the classification scheme? 


à At present the answer is positive for the first and eri, for the second 
Mia, Figi 

We shall now examine the. single processes and try to justify the sbovel B 
= statements; it is important in this analysis to recall that one thing is to con- 
pe firm generically the validity of the associated production and a different 

Bite. is. to ein ui in Done of associated production VE Un 
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The first and very strong evidence for the validity of a scheme of associated 
production came from a certain set of experiments (*) which showed that at 
energies of the bombarding particles less than the one to be expected according 
to the scheme of Gell-Mann and Nishijima for the associated production of 
the new particles no production at all of new particles took place; we may 

- call such experiments the threshold experiments; before proceeding syste- 
matically in the way just outlined we mention briefly such experiments. 


Thresholds for several processes (in GeV). 


| nucleon | nucleon 
Process r nucleon | x nucleus | + nucleon | y nucleus o. 
A°+r 0.22 0.16 0.37 0.29 = va 
A°+N (ee ats FETE RS 0.37 | 0.18 
A9 + A9 Aes SEA Mea à 0.77 0.48 | 
A°+K+(N) 0.75 0.59 0.91 0:12 NE L67050 LL Omen : 
St Kee N i” 0.89 0.69 1.04 08240 |" L71850 GAL SO f 
K +K+N+(N) | 1.36 1.06 STR ESC 2.600.119 91.86 ; 
ra tN): be) aes [es ey 2.37 187 | 3.73 | 2.82 | 
3 a+ +N+O) | AR 100 = | = | FLO Boro? 
i. ys o FEENEO) CIS NISL RS BOCA PE a | — © TG. | 6.2 
—_ ————____ —- == = a — — = — a —— —_ | 


bE: |For the calenlation of thresholds in the COR attesa formulas apply: 
; M Tye IERI AA | RE: 
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The thresholds for several processes corresponding to different kinds of 
collisions are reported in the Table of pag. 270; the first three lines refer to 
processes which are impossible according to the scheme of Gell-Mann and 
Nishijima. The other refer instead to processes which are possible. The last 
two refer to reactions in which a hyperon and an anti-hyperon are created, 
and have been inserted for completeness. For each process two thresholds 
are given, one referring to a collision of the bombarding particle with a 
free nucleon, the second to a collision with a nucleon bound in a nucleus. 
In such case the threshold is somewhat lower on account of the Fermi motion 
of the struck nucleon. The figure given here corresponds to the assumption 
that the Fermi momentum of such nucleon is 216 MeV/c and is directed op- 
posite to the impinging particle. 

The thresholds given in the table are defined as the minimum kinetic energies 
of the impinging particle in tha laboratory system (expressed in GeV) needed | 
in the collisions between the particles specified in the first row, to create the 
particles specified in the first column; there the nucleon in parenthesis is to 
be inserted in the case of collisions induced by nucleons only. 

It is apparent from the table that already at very low energies one should 
uo. have production of A° if the production were not associated; for the process — 
ee r—nucleus > A°+7° the threshold is only 160 MeV and for the process N+nu- 
SH cleus > A®— nucleus it is 180 MeV. Also a y-ray of 290 MeV might create a A°. 

If the production were associated but violating the scheme of Gell-Mann 
and Nishijima a A° might be created at 480 MeV in the process N + nucleus = 
— A°+A° and at 630 MeV in the process N--nucleus > X*+ A°. 

On the contrary, if the Gell-Mann and Nishijima scheme is obeyed, the 
production of a A° (or of a K) has its threshold at 590 MeV (ina ne pions 
nucleus) and at 1.1 GeV (in a collision nucleon-nucleus). 
La All the experiments listed in (*) made with various detectors, agree i 
Le Showing that at energies below the threshold indicated by the scheme of 
i, sits de ang ati sue nda: cross-section for. new particle i is 


nee ae 25 


} 


CHAPTER 17. 


Production reactions in H. 


17:1. — A list of possible reactions. 


The reactions listed below are expected to be possible in H, limiting to 
the minimum number of final products which can satisfy the strangeness con- 
servation law: 


be a) incident pions: — 4 19) 
La LE, Tenera tae SE 
(1171) nr-+p—A°+K 0.75 GeV {+7 1.01) © | 
(2171) SR Ri 0.89 » (ir 1:15) Vi aaa | 
(3-171) ee Rea II NT 
(4171) E SR ig oe pera 
Pila RA En nn: E i Ag a 
RR AREE RESI vigna x ni i n 
| A + SNL I ree > D'ART vote ee - “a : 
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Beyond 1.15 MeV the addition of a pion on the right hand side of (2), (3) 
and (6) is possible, so the two above statements are no longer strictly true; 
however the production of a pion considerably reduces the phase space of the 
final products and the two statements should remain true with good approx- 
imation up to some hundreds of MeV beyond 1.15 GeV. 


b) incident protons: 


p+p—A +p +K* ~ 1.57 GeV 
+ +p +K° 1.78 » 
nn: K° NS ON 
(7-17:1) oar 
SS any ek KT 17870 


3 Ri Kee, SN oy Sees 
SH LRU KIS py 570 


with their approximative thresholds. 
The np collisions will not be explicitly written down. | 
Very little has been published [7, 8] on the reactions induced by nucleons. ? 
10 events have been described by FOWLER at the Rochester Conference 1956 [9]. 
The fact that in many cases a pion is found between the final products makes _ 
the analysis more difficult. i 
Also some preliminary results of production in H from r- with an energy | 
4. 5 GeV. have. been reported by the same Authors [9, 10]. 
They describe 4 events in which there is production of the new particles; 
DL: in all of them there are four or more final products. One of them may Rs | 
be ‘interpreted as an associated production of a K° and a Ks 
ae of the production events in H reported up to now Peet to ca 


LE 
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bo 
— 


1) Events produced in dense material (the wall of the chamber in most 
cases) in which the primary is not observed and in which two new particles 
are observed (either directly if charged, or by their decay if neutral) whose 
lines of flight intersect; 


2) events produced in dense material in which the primary is not ob- 


served and only one of the new particles is observed in the chamber; 


3) events produced in the gas in which one may observe the primary 
and two new particles (referred to as (92)); 


4) events produced in the gas in which the primary and only one se- 
condary particle are observed, whose line of flight is coplanar with that of 
the primary (91). 


A suffix h will be added to the above symbols if a magnetic fields is present 
and at least part of the momenta of the charged particles may thus be 
measured; it is evident that even with a magnetic field one has to be part- 
icularly lucky to measure all the mo- 
menta of the charged particles because 
sometimes the tracks are too short. 

Fig. 1, 2, reproduce several events 
to be described later; the event reported 
in Fig. 1 belongs to the category (g1),, 
the one in Fig. 2 to the category (92),. 

The first experiments were perfor- 
med by FOWLER et al. [11, 12,] using 
a pion beam of 1.37 GeV nominal 
energy and both a pressurized (18 atm) 
chamber and a diffusion one filled with 
hydrogen; the first was operated with 
a magnetic field of 11000 gauss, the 
second without; another set of obser- 
vations at 1 GeV pion energy is the 
one by WALKER [13, 14] also with an ie Ae 
hydrogen filled cloud chamber equipped 
with magnetic field; the observations 
of production events in hydrogen, using 
the cloud chamber are very lengthy 
only 12 events being interpreted as production of new particles over a total 
of ~ 60000 photograms; the observation of H-produced events with the 
bubble chamber appears to be extremely more fruitful (compare Sect. 17°3). 

From now on we refer only to events produced in hydrogen; the production 
in dense materials will be treated in Chapter 18. 


Fig 1-17°2. — (From-{11)) 
(see text) 
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Referring to the above mentioned experiments, the following example [11] 
(the first event interpreted as providing direct evidence for associate pro- 
duction) will show how the analysis is performed; the event in question is 
of the (g1), class, and is reproduced 
in Fig. 1. We shall discuss it in detail 
because it will serve as an example for 
the following. 

Track a is most probably a pion of 
the incident beam because it is parallel 
to the other pions; it stops at A; its 
momentum cannot be measured directly 
because the visible track is too short, 
so it has to be assumed equal to the 
average momentum of the pion beam: 
1.37 GeV, as mentioned above. From 
accurate measurements on the angles, 
tracks b, c and point A resulted copla- 
nar; it was also possible to measure 
the momenta of b and of e which were 
found to be: the first (480 +80) MeV/e, 
Aa the second (210 + 70) MeV/c. Further- 
more the ionization of b is three times 
the minimum, that of e less than 1.5 
the minimum; b is positive, ¢ negative; 


Fig. 2-172. — (From [12], Photograph 
of a 1.5-Bev nm producing two neutral 
V particles in a collision with a pro- 
ton. Tracks la and 2a, believed to be 80 8 is identified as a proton, and ¢ 
proton and x, respectively, are the which, on account of its ionization 
decay products of a A°. A K° is probably has a mass less than 410m, must 
seen to decay into x* (1b) and n° (2b). be à x-. Assuming then that the two 
tracks b and e represent the two body 
decay of A°, a value of 51 MeV is found for its Q in agreement, within the 
errors, with the known value of ~ 37 MeV. 

Better values of the momenta of b and c may then be recalculated from 
the given angles, assuming the 37 MeV value for the Q of the A°; they result 
460 MeV/c for the proton and 180 MeV/c for the x-; they agree with the 
previous ones, within the errors. The total energy of the A° may then be 
calculated; it is 1.26 GeV and its momentum is 610 MeV/c; to conserve energy 
and momentum at least another particle must be produced at A; we shall 
assume that just one particle is produced; then the conservation of momentum 
and energy allows to determine the mass of the other particle: (669 +30) MeV. 
This value is higher than, but of the order of magnitude of, the mass of a heavy 
boson; we are therefore entitled to assume, that this is a case of associated 


_ production; a possible reason for such a high mass value of the boson will 


LS 
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be given later; it may be mentioned that the time of flight of the A° may be 
immediately calculated: it is 4:10-11$; from the geometry of the chamber 
we deduce also that, either the assumed neutral boson decay 
pions, or it has a time of flight larger than 3-10-9 x. 


s into two neutral 


A similar analysis may be made for all the other events observed in re- 
ferences [11-14]; of course each case has to be discussed Separately, and 
all the possible interpretations examined; if there is no magnetic field the 
interpretation is much more difficult; one cannot measure the energies and 
signs of the decay products; one may often distinguish, say, a A° dec ‘ay from 
a K°, decay by the knowledge of angles and ionization, but it is impossible 
to measure the mass of the decaying particle from the energies of the decay 
products (and the angles) as done above; the only thing which in such case 
may be done is to assign to the particle, identified through its ionization, the 
value of the mass which it must have, to assume that the production process is 
a two body one and to determine by the conservation of momentum and energy 
the mass of the other (observed or unobserved) particle. 

The results of the analysis performed according to the above criteria are 
reported for the events observed in the above ref. in the following Table Le 
in column 1 the kind of event is reported; in column 2 and 3 the measured, 
observed or assumed produced particles assumÿng a two body process; in 
column 4 and 5 the @ (in MeV) of the particles in, question derived from the 
kinematics in the way sketched above; when the Q of one of the particles 
has been assumed (on the basis of the fact that the nature of the particle has 


» been recognized by angles and ionization) but no independent check of the 


~ 


+ 
L 
La 


Q value in question is possible, the value has been bracketed. 


DABLER I-17 2. 


Case AULA Particles Q(Y) OK) 
Hy, = À | (gl); | A° measured K° assumed 51 +20 375 +30 
F, = B| (gl), | A° observed K° assumed (37) 330 +40 
H, = D |. (g2), | A observed K° observed 27551] _ 293441 
F,=E| (g2), | & measured K* assumed > 50 (214) 
F,=G | (gl) A’ observed K° assumed (37) > 290 
| Fg =H | (gl) | A® assumed (?) | K° observed (7) > 37 ~~ (214) 
| aw (91) A° assumed K° observed 240 +140 (214) 
| Fz, =J | (92) | Z+ observed K* observed ~ 115 - (214) 
| F,=K| (92) Z+ observed K* observed (115) | (214) 
Wi (92), | A° observed K° observed 37459 | 200-415 or 309+3 
Wi (92); | A° observed _K° observed 43+5 |195+200r 226+6 
|W; (92), | A° observed | K° observed 41+5 216 +20 
|W, (g1), | A° observed K° assumed 22415 220-+40 
|W; . | (glh | A° observed | K° assumed | (37) 182-+50 
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In Table I a particle is said to be « measured » or « observed » when the 
data are not only sufficient to recognize its nature on the basis of ionization 
measurements, but they are also such as to allow an independent determi- 
nation of its mass or Q value; there is a slight distinction between measured 
and observed particles, namely that in the first case the curvature and length 
of the tracks are such that the momenta of the decay products of the particle 
in question may be roughly measured independently, as is the case for the 
event discussed in detail in the past section, in the second not; measured part- 
icles imply all a magnetic field, of course. 

Though the statistics are very limited all the events reported are in agree- 
ment with the scheme of Gell-Mann; no case of positive hyperon which (com- 
pare Sect. 17:1) would have been in contradiction with such scheme has been 
observed; it must be mentioned however that, with magnetic field, just two 
cases of XY have been observed. 

Of course in the cases, which are the most part, in which only one particle 
is effectively observed to decay in the chamber, the confirmation of the asso- 
ciated production scheme has to be looked for in the fact that the mass of 
the other unobserved particle, necessary to balance the energy and the mo- 
mentum on the basis of an assumed two body production scheme, turns out to 
be consistent with, if not exactly equal to, that of a hyperon or respectively 
a heavy meson. 

Having interpreted the above data as indicating associated production, 
one may ask: 1) why so often, one of the particles is not detected; the only 
possible answer is that, either it does not decay in the visible region of the 
chamber or decays into neutral products only (e.g. K°, > x°+7°; A°>n+47°); 
this question will be discussed in the next section when larger statistics will 
be considered; 2) why the masses of the K°, reported in the Table I-17°2 are 
often larger than the known value. Inspection of the table shows that this is 
the case for the events A, B, G, I and possibly W,. To get an agreement, 
according to FOWLER et al., «one should have to assume unreasonably small 
momenta for the incident x~ for all of these cases. There are two possible 
explanations of the discrepancy from the known A° and K?, masses in 
events A, B, G, I: the first is that possibly neutral pions in addition to heavy 
bosons and hyperons may have been produced; notice that in none of the 
four cases it was possible to ascertain that only two particles were produced 
since only one neutral particle was seen to decay and therefore only one line 
of flight was established; the threshold for events of the kind 2+ pS 

— \+K°+7 and the available phase space is correspondingly decreased, | 
but still there is no reason to exclude such events. The second possibility 
consists in making use of the neutral X° predicted in the Gell-Mann and Nishij- 
ima scheme, which should have a mass — 2300 m,, and in assuming that the 
events in question are to be regarded as examples of Y°+ K° rather than of 


x 
x 
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A°+K° production, the Y° decaying almost immediately into a A° and 
y-ray: 


a 


m+p>2°+E°, I° A°+y. 


It is possible to show that under this assumption the recalculated value 
of the K°, mass compares favourably with the known value in all the above 
cases »; this has been the first evidence for the existence of the 2°; for the proof 
of its existence [15] compare the Ch. 7. 


17:3. — The Brookhaven Columbia bubble chamber experiments. 


As we have said, a much larger statistics may be collected making use of 
the bubble chamber technique; using a 12” diametre bubble chamber exposed 
to the pion beam of Brookhaven Cosmotron, SCHWARTZ et al. [16] observed 
210 production events of new particles in H in about 20000 photograms. 
Two are reproduced in Fig. 1-17°3, 2-173. 

Three beam momenta were employed: #980 MeV/c, 1300 MeV/e and 
1430 MeV/c (all +1%). The detector was a propane (CH) bubblé chamber 
of such dimensions that about 80~90°% of the A° and of the K° particles pro- 
duced in it also decay inside the chamber. A magnetic field is present (aver- 
age value 13400 gauss). 

Here we shall give the results of this experiment as far as the following 
topics are concerned: 


a) evidence for associated production, and 
b) evidence for two neutral boson components. 


Other most important information from these experiments has been 
already mentioned at the appropriate places: 


1) neutral decay modes of A° (Sect. 42) and of K°, (Sect. 3°5); 


2) lifetimes of A° (Sect. 41.4), of K2, (Sect. 3°4.5) and of the longlived 
boson component; - 


3) non-observation of three body decays of A° (Sect. 41.1); = 
4) discussion of the rule |AT|=4 (Sect. 16°11); 
5) parity doublet question (Sect. 145). 


47 — Supplemento al Nuovo Cimento. 
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a) Evidence for associated production. — Up to now the photograms taken 
in this experiment have been examined only for events in which no charged 
new particle was produced. Therefore the evidence for associated production 
which this experiment gives refers, at the moment, only to the reaction: 


JA° Re . - 2 
mz + p Pa + K°; 168 events were observed in which both a A° and a K?,. 
| =° ’ T2 


are produced, either in the carbon or in the hydrogen of the C;H,. Moreover 


251 events were detected in which only one A° was observed and 109 events. 


0 
T2 


The identification of a A° or of K°, is made in a way completely similar 
3 | to that of the event discussed in Sect. 17:2; consider a V° event (the plane 
of which must contain, of course, the line connecting the point of disappearance 
of ax with the origin of the V fork); one may determine the energy of the 
a two branches of the fork, knowing the angle between them and assuming the 
oe Q value to be the one corresponding to a A° or to a K°,. Also one may de- 
termine (independently) this energy from the curvature produced by the 
magnetic field. 

The energy so determined must then [17] « agree with that expected from 
the observed production angle of the supposed A° or K°, and from the known 
production kinematics. In the events in which two V’s are observed, since. 
a i, © the procedure above is applicable for each V, the event is well overdetermined ». 
It is clear that the above procedure allows in many cases to separate the 
production events in H through the reaction 7-+ p — A°+ K° from those 
produced in Carbon through the same reaction and from those produced in 
Carbon or in Hydrogen through the reaction 7-4 p — X°+ K°; particularly so: 
when both the A° and K°, are seen to decay in the chamber; according 
to [16] — 40% of the events are produced in Hydrogen, therefore providing 
direct evidence for associated production in H. 


in which only a K°, is observed. 


b) Evidence for two neutral boson components. — If associated production. 
is valid and if one could assume that 1) only two neutral boson components. 
exist; 2) the shortlived component Kj and the A° which are produced all decay 
in the chamber; 3) none of the longlived bosons decays in the chamber; 
4) A° and K° decay only into visible prongs; 5) detection efficiencies are 100%; | 
| then one should expect to find: x) no event in which only a K%, is observed | 
to decay in the chamber without an accompanying A°; B) in half the events 
in which a A° is observed a K° should be observed and in half not. 


‘ The figures given above show that the situation is different; however, if 

_ one determines, through the electron pairs due to y-ray conversion in the way 
explained in Sect. 3°5 and 4°2, the fraction of the A° and K° which decay in neu- _ 

_ tral modes; and if one takes into consideration the detection efficiency, and the — 
(rather aR probability which the A° and shortlived K° have of escaping — 


‘ I « ps 
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1-17°3. — Example of the reaction = + p+ + K°' (bubble chamber expe- 
riment of [16]). 
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Fig. 2-173. — Example of the reaction x + p> X°+ K° followed by X°+A°+ y 
(bubble chamber experiment of [16]). The K° happens to decay very near the place 
of production. 
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the chamber before decaying, then the above figures, appropriately corrected 
show that: 
half (or more precisely 0.49 + 0.075) of the produced K° decay in two pions 
(charged or neutral) with a lifetime of (0.95+0. 08) s, half escape from the chamber. 
This is at the same time a confirmation of the associated production mecha- 
nism and of the two neutral boson picture of Gell-Mann and Pais; it has already 
been mentioned (Sec. 145) that it is possible only under rather artificial 
assumptions to reconcile this result with the 
parity doublet idea (which would imply four f2%.@° 37 Events 
different neutral bosons). 1 Se i 
Also the following information may (and 
probably will) be obtained from an experi- 
ment like the one above: 


Number of events 


1) frequency of the reaction 7-+ p — 


>YX + K+; 


2) angular distributions in the decays 
of the hyperons; 


3) angular distribution, energy depen- 
dence and total cross-section for 
the various production processes of 
the new particles. 


{ 6 4 2 0 -2 -4 -6 -6 -10 
¥ cos 8, (Center of mass) i 
Fig, 3-173. — (From ri leek 
production angular distribution 
for the reactions 7 +p — A°+ K®, 


Sake 7 È Te +X +K*. #- is the centre 
Preliminary information on the above oP ; 
of mass angle of the heavy meson 


points was already obtained in a previous jy each cade “The th CES 

experiment by the same group [17] with a event should be inserted between 

smaller bubble chamber without magnetic 8 and .7. 
- field, using pions of 1.43 GeV/c. 

The results regarding point 2) have been already given in the Sect. 15:2. 

| Concerning point 3) the Fig. 3-173 summarizes the present angular 
distribution of production events in H. It appears from the diagram that 
the distribution in the angle 0, between the line of flight of the incident x- 
and that of the outgoing K in the center of mass of the collision is very peaked 
forward in the case of neutral K (events with production both of X° and of A° 
are included), while it appears rather flat for charged K ue à 


(*) According to GOLDHABER and to SCHWINGER (ref. [20] of chapt. 11) this may 
be evidence for a strong direct interaction between pairs of K’s and pions. 

Infact, if this interaction exists, the incident x will be dissociated, part of the time, 
in a virtual K°, K pair. When the proton is struck, the K is absorbed by the proton © 
with the production of a A° or a 2° and the K° continues its flight conserving its 
velocity component in the direction of the 7-. For the K° a similar mechanism cannot 
Apply and one has a rather isotropic distiibuttona We do not know, at the moment, 

f any detailed calculation published along these lines; one is in progress [1 da 
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17:1. A few data on the total cross sections. 


The value of the cross-section for associated production in Hydrogen and 
its energy dependence are known very poorly; the Brookhaven Columbia data 
have not yet been analysed to this purpose. | 

An order of magnitude for the production cross-section by 77 has been 
given by FOWLER et al. [12] on the basis of their 9 observed events of asso- 
ciated production at 1.37 GeV. Taking into account the events which may 
have escaped detection they estimate 14 events (over a total of 550 pion |. 
interactions); these numbers lead to a cross-section of — 0.9 mb for associated | 
production and to a total cross-section for x interaction of (34.6 + 2.7) mb, 
the last value being in agreement with previous determinations. WALKER 
and SHEPHARD [14] give a similar value at 1 GeV derived from 5 production 
events (always from z~ collisions). 

Concerning the cross-section for production in pp collisions BLOCE et al. [7] 
give, from three events of production of new particles at 2.75 GeV a tentative — 
cross-section in between 0.1 and 1.5 mb; notice that the energy available in 
the center of mass system in pp collisions at this energy is roughly the same 
as that available in x- p collisions at 1.37 GeV. : 
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CHAPTER 18. 


Production in Complex Nuclei. 


Introduction. 


Observations on the production of K and Y particles in heavy nuclei are, 
in general, less informative than those relative to bare nucleons. As is easily 
understood, when particles have to traverse nuclear matter to emerge from 
the nucleus in which they are produced, some of their characters—such as 


energy and angular distribution and state of polarization—are often greatly 


altered. 
Despite these obvious difficulties, new knowledge on the production mecha- 


nism has been recently derived from the study of the production in complex — 
nuclei. This is chiefly due to the impressive work carried on in the Berkeley — 
and Brookhaven laboratories where intense beams of K and Y particles have | 


been available for sometime. 
Out of the copious literature related to this sii we have summarized 
only the main results. The reader desirous of details not reported here, may 


| find additional information consulting the reference list given at the end of 
= this chapter. : i 


Ja 181. — Production by anita accelerated radia to ies | DS 
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the production of such particles lies close to 1 GeV. These results, while con- 
firming some early attempts at lower energy (*), agree remarkably well with 
what expected for the associated product- 


ion of a K+° and a A° particle by a proton 
hitting a bound nucleon (see the list of thre- 
shold energies given in the Table at page 
717) and are consistent with the hypothesis 
that the production of the new particles 
takes place only when strangeness is con- 
served. 

In the parallel experiment by OSHER 
et al. [2] already quoted in Ch. 3, the pro- 
duction of y-rays by unstable particles 
living — 10-!° s was explored up to primary 
energy of 6.2 GeV. The behaviour of the 
excitation function can be deduced from 
Fig. 2: each curve represents the intensity o 
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0 1.0 1.5 2.0 
of y-rays emitted in the r°-modes of heavy > PROTON ENERGY (GeV) 
mesons and hyperons as a function of the Fig. 1-19°1. 3 


distance from the target (see Sect. 3.4) and # s 


the various curves refer to different energies of ‘the primary proton beam. 
The steep tails are to be attributed to K°, and the flatter tails to A° decays. 


18°1.2. Production of charged K. par- 
ticles. — The production of charged K_ 


= particles in complex nuclei has been stu- AR 

S died in a rather unsystematie way. In 1 

DIE à OBSERVED GAMMA eed di £ +- 
= INTENSITY MINUS fact the cross-section for K* production 

< TARGET n° SR ge 

> CONTRIBUTION has not been measured so far (+): on i; 

the other hand the yield of K particles 2 

DI relative to that of x mesons of the same 4 


Fig. 2-18 1. — y-ray intensity as a function of 

the distance from the target, due to the x°- 

modes of decay of K®s and A°®s created by 

proton beamsof different energy (è 6.2—5.7GeV; 

45.3 4.8 GeV; #3.6 +3.2GeV; ¥2.0-1.7GeV) 
as observed by OSHER et al. [2]. 


0001 Te 


=D 0 4 8 
DISTANCE FROM TARGET CENTER (cm) 


(*) [3-7]. See the discussion at pag. 717 and the references given there. 

+) This statement must be qualified. A value of the differential cross section 
d2c/dQdE for K* emitted with an energy of 114 MeV in the laboratory system, at 
an angle of 90° from the direction of the primary 5.7 GeV proton beam, was given 
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sign, emitted in the same solid angle within the same momentum channel 
has been measured with great accuracy for various energies of the primary 
radiation by a number of different authors [9-15]. In most of the experiments 
the produced particles were magnetically separated and the analysis was 
limited to certain momentum channels. 

Exceptions are due to HILL et al. [16] who exposed nuclear emulsions to 
unseparated secondary radiations produced by the Brookhaven Cosmotron 
at 45° and 90° to the direction of the primary proton beam; and to SCHEIN 
et al. [17] who irradiated the emulsions with energetic 7s and analysed the 
particles emitted in the disintegrations produced there. 

The most striking feature of the results listed in Tables I, II, IU, 


TABLE I-18°1. — Data on K+-artificial production. 


Primary 


RS Time | Angle | Secondary | Relative yield at | 
Radiation Lane of of radiation | the point of 
Ref. Detector ; è P à bi 
iden- get flight | obser- momentum detection (*) pi 
tity (10-8s)| ation | (MeV/c) | N(K+)/N(x-)-10? | 
[19] p Cu | emulsion | 1.9 | 60° 290 0.165 È. 
[20] | p Cu | counters | 1.6 | 60° 465 0.25 x 
p — | emulsion 2 90° 250 0.13 
p aa 90° | 250 0.25 
p 90° 350 +18 1.7 +0.25 
sa Du 90° 354 1.3 +0.13 
pes 250 0.5 | 
Bo 350 +18 1.7 +25 
eon ant 356 1.86+ 0.27 
p 
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is the large positive excess amongst the K particles produced by 
protons of energies not higher than 6.2 GeV. This is to be expected if strange- 
ness is conserved in fast reactions. The lowest thresholds for the production 
of K* and K- respectively are those for the reactions (see Table at page 270). 


N.+ N-~A®° +K++N threshold 1.10 GeV , 


A 


>K-+K+*+N-4+N threshold 1.84 GeV . 


TABLE II-181. — Data on K--artificial production. 


| ee Time | Angie Secondary! Relative yield 
Ref. Pe AOE Target De- of of radiation | at the point 
iden- energy tector | flight | observ--momentum of detection 
tity | (GeV) = (10-§s)| ation | (MeV/c) | N(K~—)/N(x-)-10* 
® | [241| p 2.8 | Be emuls. | 1.4 1° | 3164 8 - 0.2 
| [14]| p 2.8 Be » 1.4 |4°+3°) 3134 8 0.65 
| ip 5.7 (polyethylene » EOLO 360 1.67 
[ICARO 6.2 Ta » 2 902 230 +25 0.76 £0.11 
n2]l.p | 62 Ta ‘ 2 90%: |. 270 | 0174017 
[221| p 6.2 Cu » 1:39 | 0 90° 41 3502-187" 1.7 +0.5 


TABLE III-18°1. - Miscellanous data on K-artificial production. 


Angle Secondary € 

of | radiation | Relative 
observ- momentum yields 
ation | (MeV/c) | 
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assuming for the matrix element describing the interaction in the center of 


mass system the following expressions: 


(1) |H|® = const 


or alternatively 


(2) = cos? 6 
(3) CA de 
(4) = (y? — 1) cos? 6, 


0 and y being the angle of emission of the K* in the center of mass system and 


its total energy in m,c? units. The normalization constants were so chosen 
as to predict a value of (do/d2) = 1 mb/sr in the center of mass system for 
a primary proton of 2.9 GeV in the laboratory-system. Moreover they assu- 
med that the velocity distribution of the target protons inside the nuclei was 
given by 

a) a Fermi degenerate gas distribution of the velocities , 
or alternatively 

b) a gaussian distribution. 


Of the cross-section calculated taking all the possible combinations between 
the expression (1) to (4) on one hand and a)-b) on the other, only (4-a) or (4-b) 
yielded a result close to the experimental data. 

How significant this type of analysis is in fact, is a question open to dis- 
cussion. In the first place it is to be expected that an appreciable fraction of 
the K’s emerging from heavy nuclei are due to secondary x’s produced in the 
same nucleus. Besides their angular and energy distribution will be distorted 
by collisions in nuclear matter before they emerge. An estimate of this effect 
was made by WIDGOFF et al. [23] who measured the flux of K+ mesons emitted 
at 120° by 2.9 GeV protons on heavy nuclei (Cu, 0) and found it about + of 
that of K*’s emitted at 60° with respect to the direction of the primary beam. 
Using BLOCK et al.’s calculations, they found that the same ratio should have 
been 1/20 and they attribute the discrepancy to scattering of K+ particles 
inside the nucleus in which they are produced. If one assumes that, of 
the particles observed to emerge at an angle 0, the fraction f(9) were pro- 
duced at the same angle and emerged unscattered, then f(120°)/f(60°) rp} 


or f(120°) & 20% (under the most optimistic assumption that f(609T= Dea 


18°1.3. Production of neutral K and Y particles. — Using a 36 in. diameter 


magnet cloud chamber BLUMENFELD et al. [26] have studied the production — 


of K° and APY 1.9 GeV x- in lead and carbon. For both these elements they 


\ 


= 


PI 
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LI 


find a cross-section for production of V° corresponding to — 1% geometrical 


(ie. — 0.3 mb per nucleon). In a subsequent experiment [27] on iron the 


cross-section was found again close to that value (0_- = 0.3 + 0.1 mb per 
nucleon) and the ratio o(1.8 GeV 7-)/0(2.5 GeV protons) was found ~ 3 + 1. 


BOWEN et al. [28] observed that, the rate of production of V®s as compared 
with the number of observed nuclear interactions produced by ~~ of 1.9 GeV 
was the same in C, Fe and Pb and corresponded to — 6-10-* V°’s per inter- 
action. Preliminary results indicated that using a 2.8 GeV proton beam, (in Fe) 
this ratio was considerably lower (*). 


18.2. - Cosmic ray experiments. 


A comparatively large number of data on the production of new particles 
in cosmic rays has been accumulated since their discovery and some are re- 
ported in the Tables I to IV, and I-21°6. 

Unfortunately in most cases the information which ean be obtained with 
regard to the nature and the energy of the primary particle, responsible for 
the observed event, is very scarce and not much use can be made of the data 
which have been collected. 7. 

The brief summary of the results given in the following pages may be of 
some use, howewer, to workers engaged in cosmic ray research. 


182.1. Relative rates of production of V* and S particles. — To our know- 
ledge the absolute rate of occurrence of new particles in cosmie rays has been 
rarely estimated and the available data are affected by a large degree of 
uncertainty. Far more significant are—in our opinion—the data concerning 
he rate of occurrence with respect to shower particles. 

In Tables 1 to VI, V-particles are intended to indicate those particles 
(heavier than z-mesons) observed to decay in flight in a cloud chamber; 


(*) An attempt aiming at interpreting theoretically the results of these experi- 
ments was made by JasTrow [29] and Brock and Jastrow [30]. They tried to get 
information on the primary interaction responsible for the production of unstable 
particles and on their subsequent interactions in traversing nuclear matter, from the 
observed numbers of hyperons and K-particles in various materials at various primary 
energies. Assuming a production reaction o 


+p > A+, 


they traced the A° and K° in nuclear matter — by the Montecarlo method — until ; 
they emerged or were absorbed. The comparison with the experimental data available — 


at the time ([26]. [31], [82], [33]) was however inconclusive, owing to the scarcity 
of data. 
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Taste I-18'2. — Relative rates of production of V-particles in Cosmic Rays 
(cloud chamber data). - 


Ref Target Br ii; N(V=)/n, N(V°)/n, N(V0)/r, 
nucleus | (GeV) (1) | (2) (3) 

[34] Pb — — — == 3-1072 

[35] Pb 54100. == oe | (2-37 10°? es: 

[36] Pb 10--30 — 101-107? | = 

[37] |\C and Pb — si — 3-10 0.12 +0.02 

[38] Pb = 50 = Po 3-10-2 ae | 

[39] Cu = = = ssa 5-10-2 p 

1521 Pb — 4.9 +1.2 — (1.2 +0.3) -10-? (5.6+1)-10-? 

[40] È — = TOR — 0.8-107=2 

[41] Pb 5-10 — — (34) -10-? — 

[42] Pb DR Pa ee 5 E 3.7-10-2 
Ey = primary interaction energy; a 
Ns = number of shower particles; __ 7} 
Ns = average number of shower particles originating from the primary interaction; È n 
Vs = number of showers; A 
N(V°) = number of neutral V- i partielen: NI 
N(V+) = number of charged V-particles. 


S particles are those which stop in the chamber. Both groups include, in ino 
different proportions, K’s and hyperons. « Shower particles » (n,) are in ge- 
| neral intended to be fast penetrating particles, namely a mixture of x and 
+ K mesons, protons | and hyperons—the x mesons, being. on. the BWeTRLe: the 
most frequent component (~ 70-80%). . i 
Most on the data given in these Bb refer to observations on locally pro- 
duced showers. This is. clearly seen from Fig. 1, 
where two ee of cloud Sn arran e- 


iment of 


similar to some of the cloud chamber 
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In many ways 
arrangements : 
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it is very 


they recorded K. parti- 


cles emitted in disintegrations produced in 20cm Pb stopping and decay- 


ing in 


and let the recording 
at least two of the 


lead were 


moe 
a large Cerenkov 


discharged. In 


counters 


counter 


pl 
general 


(see Sect. 1°5) 


system be triggered when 


vced under the 
this required 


at least two penetrating particles although one, 
emerging at a convenient angle, could occasionally 


have st 


arted the 


trigger. 


Since K7 particles are 


known to interact strongly with matter, it is cer- 


tain that they observed only KŸ 
be identified with the 


In 


S-particles. 


which can safely 


emulsion experiments the selection crite- 


rion is far more precise and better defined. The 


works 


of DANIEL et al. 


[44], D 


AHANAYAKE ei 


[45], MuLvEY [46], make reference only to 
particles selected on the basis of direct mass measurements. 
Hertz et al. [47], AMALDI et al. [48, 49] and CRUSSARD et al. [50] refer to 
particles stopping in the emulsion. In HERZ et dis experiment the stacks were 
exposed under ice and most ot the particles observed came from the surrounding 
material, while the data of [48] and[49] have been obtained exposing the emul- 
sions to high altitude radiation and most of the particles were produced 
inside the same block in which they have been observed, the surrounding 
matter being not more than 0.1 g/em?. 


———S | 
0 cm 50 
Fig. 2-18°2. 


The data of 


Tage 11-182. — Relative frequency of production of A° and K° particles by cosmic rays 


(cloud chamber data). 
Generating Primary FANNO N(K°)/N(x*) | N(A9)/N(R° 
Ret. material energy (GeV) (AIRES) Enr ) ) 
| [53] Pb — — — 1.6+0.5 
D | (54, 41] Pb =10 3-10- 1.3-10- 1.7+0,7 
[55] Pb — — — LS a 
[42] Pb DE sa — D PE TN" 
[56] C — — — 0.5+0.3 


It was pointed out by MezzeTTI and KEUFFEL that a certain amount of 
disagreement exists among the results obtained by various workers with re- 
gard to the relative frequency of production of positive K particles. In part- 


icular they found the ratio N(K*)/N(x*) obtained in their experiment to be 
larger than those obtained in other laboratories (see Tables III and IV). In most i BE 
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cases the discrepancy is probably a consequence of optimistic estimates of 


the detection efficiencies. 
In fact, so far as the emulsion work is concerned, the best way to esti- 


mate the relative proportion is not that of comparing directly the number of 


Taste III-18'2. — Relative frequency of production of S-particles by cosmic rays 
(cloud chamber and counter experiments). 


Generating N(S) = N(S)/AM At | 
+ 
Ref. Detector arena] Ns N(S)/N(x*) (kg-1, day) 
[51] Cl>Ch. Pb ge 0.02 cd 
[43] Counters Pb >2 0.062 14 
Ns = minimum number of particles required to emerge from the generating layer to 
trigger the system; b° 
N(S) = number of S-particles; N 
N(x*)= number of xt; a 
N(S) = average N(S) per kg of absorber placed above the detector, per day of observation. à: 


TABLE IV-18'2. — Relative frequency of production of K-particles by cosmic ur) p- 
(emulsion data) _ 


N(K+)/N( m+) 


| Primary | 


H | N(K®)/N(s) ni) 
the Ref. | energy ns 330<p< | g/J9>1.4 | ke 
Free IN de 05<p< <950(*)| Booz | <950() 


<0.56 | <0.84 | eve) (MeV/c) | il 


nor le A / (2) (3) | (4) 
Hel [57] | 15-28 |1,2,3|  —. 

; SZ 0s n QE 
| «jets » 


; rà 
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observed slow K+ and x* but rather that of deducing it from the observed 
K-./m° ratio and from the now well established KŸ/K* ratio—as given by 
the recent machine experiments (*). 

Then, one can easily see that—in so far as the emulsion work is con- 
cerned—no inconsistency really exists. The value given by AMALDI 
et al. [48] relative to K_, mesons stopping in emulsion is = 3.3:10-%. Consi- 
dering that K_, mesons are known to be but a small fraction of the K* part- 
icles (~ 5.6%) the corresponding value of the ratio N(K*+)/N(x*) would be 
= 5.9-10-2 and that of N(K*)/N(x*) 12-10-2. Assuming that MEZZETTI and 
KEUFFEL observed only Ky, (~ 60% of the K*’s) the corresponding emulsion 
value of o = N(K+)/N(x*) to be compared with, is 


which is in very good agreement with theirs (0,5 — 0.062; See Table III). 
Less easy to explain is the discrepancy between the counter and cloud 
chamber experiments [51]. 
Additional reasons for being cautious in making direct comparison of the 
results quoted in this section can be seen from the following considerations. 
The value of o just deduced refers to particles benerated, almost totally, in 
the same emulsion block in which they have been observed to stop. In doing 
so AMALDI et al. have selected a range interval (depending on the size of the 
. emulsions) which roughly corresponds to R < 80 g/em?, i.e. to K particles. 
having a momentum < 550 MeV/c. In the counter experiment [43] the part- 
icles were produced in a block of lead 20 cm thick. Assuming that they were 
produced uniformly throughout the whole thickness (which—of course—is not LE 
rigorous), the average range of K particles capable of being detected would SAR 
“be of the order of 165 g/em? of lead, which corresponds to particles - of À 
~ 660 MeV/c. i 
1 How sensitive is 9 to the choice of the momentum (or range or velocity): 
| interval, in which both K and x mesons are selected, cannot be stated at 


| present, but it is certainly not independent of it and is known to depend also È È 
on the energy £, of the disintegrations in which they are created (see Sub- RS 
“sect. 18°2.3). Presumably in both counter and cloud chamber experiments. ce 
the majority of the events were associated with values of E, <410 GeV. To | “A | 


our knowledge the only measurements of 9, made in emulsion at comparable 
values of H,, are those of DANIEL et al. [57], reported in Table IV which are 
slightly larger than those obtained in counter experiments. 


à (*) Thanks are due to prof. L. MEZZETTI for an enlightening discussion on this 
question. i ER 
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TaBLE V-18°2. — The ratio V'/V” in cosmic rays. 


Low momenta High momenta 
De- =" = SIE: 
Ref. Selecting Remar] 
oo Selecting criteria Result criteria Result 
| 2 2 
| Cal. Tech (*) | Cl. Ch. | heavily ionizing 19/5 = 3.8 light ionizing |22/38=0.58 
Princeton (*) » Pr < 1 GeV/e 15/10 — 1.5, p,> 1 GeV/e | 6/11=0.55 
Ecole Pol. (*) | ) Py< 1 GeV/c 25/6 =4.2 p,> 1 GeV/c | 0/2 includir 
identific 
K_;-mes 
| » » S-events (p< 0.5 GeV/c) 22/2 = 11 = — 
CERN- ) Py< 0.6 GeV/c 31/12 = 2.6) p,>1GeV |25/23=1.1 
group (*) » Py< 1 GeV/c 6/0 ah se 
Total 118/35=3.4 53/74=0.72 | 
Grand Total 171/109—1.57 i 
[62] Emulsion| K-particles ending in emulsion RU Kt 


i (*) Taken from Cooper et al. [61]. 


L 


182.2. The ratio V*/V7. — The existence of a positive excess among V part- | 
icles has been—for some time—an uncertain question [59, 60]. For particles 
of low momentum (~ 1 GeV/c) it has been recently established by a number | 
of experiments (see Table V-18'2). For higher momenta however negative V’s — 
seem to be more frequent than positive ones. 4 
According to CooPER ef al. [61] the high momentum negative excess could 
be due to an experimental bias. They point out that the low momentum events 
listed in Table V-182 are mostly K particles while amongst the high momenta, 

a large number of fast X hyperons is present. Positive Y°s can decay into 
_ a 7m*+n or alternatively into a x°+p and = only into x-+n. The p % 
decay of a fast X* is often difficult to detect owing to the small ras; 1 
between the Et and the proton, FA ver er 
these decays are often missed, thus altering the 


Mio 
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uncertainty associated with the individual data is too large to consider the 
discrepancy as substantial. 

A definite difference exists between cosmic ray and machine data, the latter 
indicating a ratio K*/K~ ~ 100 (see Table I-18°1, I1-18°1, ITI-18°1). The whole 
situation will be better understood when something more is known about the 
dependence of the K*/K~ ratio on the energy of both the primary and 
secondary radiation. 


TABLE VI-18°2. — Frequency of production of V°-particles in cosmic rays as a function 
ie the SR SII ane chamber data). 


Ref. n, NV?) 


| N A0) 2 N(K°)/», 
se aes oe Ses pt seta rogo Wen E à = LS! 
| 
[40] 4 ( 3+1)-10-2 i 2.1+1):102 (0.9 +0.3)- 10-2 
4-8 (17+6)-10-2 | 81043) 1033 (8 +4 )-10-? 
8 (11+6)-10-2 Th (10 +4)-10-2 rw © 10-2 
Code: ng, = number of shower particles ejected in the primary interaction; 
N(V°)/vs = number of neutral V-particles per shower; 
N(A°)/r, = number of A°-particles per shower; 
N(K°)/»,= number of K°-particles per shower. 


¥ 


18°2.3. Dependence of the frequency of production on the energy of the primary 
interaction E,. — A marked dependence of the yield of V or K particles on 
the primary energy Æ, is shown by the data reported in Tables IV and 
VI. The emulsion data require some comment. The values of N(K)/N(z) 
quoted in Table IV, columns 4, 5 and 7 refer to particles selected within certain 
limits of velocity whilst column 6 refers to those in a certain momentum 
interval. The different meaning of the results is easily derived from an in- 
spection on Fig. 3 where the familiar g/g,-1/pf plot is shown (see 
Sect. 1°4). The particles related to the numbers given in column 5 of 
“ Table IV are those between the horizontal lines 6, and f,, those of 
column 6 are between p, and p,; while a selection based on residual range 
measurement—as often done in counter experiments—would take only events 
between certain R, and R, lines. It may be worth noting that columns 5 and 6 
associate practically the same part of the K momentum or velocity spectrum 
with two different parts of the x spectrum. Thus only a comparison between 
numbers in the same column has a precise meaning: these indicate that sua 
the primary energy is increased from 5 to — 20 GeV the ratio o=N(K*)/N(x 
is more than doubled and so is the total energy associated with the two a 


amounts of energy go to r’s and K’s. i 5 
A similar trend in the energy dependence of the production of V° particles 
is shown by the results of GAYTHER and BUTLER [41] in Table VI. The energy | 
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of radiation. It also appears that at energies above 50 GeV almost equal i: 
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of the primary interaction was not given by these authors, but it can be esti- 
mated by the number of shower particles associated with it. The compara- 
tively low rate of observed V° in showers having n; > 8 is to be taken with 
caution in view of the obvious bias against detecting these particles in showers 


of high multiplicity. 


vo. of, ME cel 


Pig. 3182. — Lines of equal velocity, momentum and range superimposed | on the 
(9/9 - versus pB)-diagrams for u, x, K-mesons and protons. The values of the para- 
eee are: RER B=—0.84; Pi=330 MeV/c; P,=950 MeV/e; Ry=1em; By n 

COCA PRE mihi Table IV- 182). ea DI o sit re + + 
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Fig. 4-18°2. — Pair of new particles probably produced in the same interaction. 
(Courtesy of Prof. B. BRUNELLI). 
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particles (compare e.g. Fig. 4). A list of those events in which the identity 
of both components was well established—is given in Table VII-18°2. A much 
larger number of not-so-well-identified cases is reported in the literature 
quoted at the end of this chapter. 

Since the production of the particles observed took place in a heavy nucleus 
any correlation between particles created simultaneously is, in most cases, 
_ destroyed by scattering in nuclear matter, and no proof can be given that the 
observed « pairs » were not produced in two subsequent acts in the same nucleus. 
However, even if the dynamical analysis of the observed events has failed, 
in most cases, to give any conclusive evidence (see [64]), we cannot overlook 
the fact that none of the identified pairs (see Table VII) contrasts Gell- 
Mann and Nishijima’s predictions. It seems unlikely that this would happen 
if the two components of the pairs were produced in separate collisions. 


rare 


TABLE VII-18.2. — Examples of associated production (identified events). 


Parati Identity of the È 5 
Pel: star associated particles Remarks 
: LA | EE 
Emulsion Data LE 
[67] — K* and R° or A° Si 


(*) The sign determined from the 4 
presence of a terminal capture star. | 


Ki, and Y or K° (*) 


[69] | 19+ 3n | KŸ and Y+ 
[69]: | 134 .3p" |] Kt-and s+ 
| [70] | 28+29p | KZ, and + 
| [71] | 18+ 4p | K* and K~ or Y_ (*) 


/ 


(*) The sign deduced from the pre- | 


22+36x | Kt, and X+ 


| sence of a terminal capture star. > L\ CT DI 
Ù n . F1 . all vi 
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Most pertinent to this question is the observation by SORRELS et al. [65] 
of a E particle ejected in a highly energetic shower also associated with 
two V°. The analysis of the event strongly favours the interpretation in terms 
of an associated production satisfying the conservation of strangeness 
(E + K° + K°). 


182.5. Polarization effect in V° decays. — DEUTSCHMANN et al. [66] have 
found that when only Vs are selected which are produced in interactions 
associated with a small number of ionizing particles, then the angles between 
the production and the decay planes generally tend to be small. No corre- 
lation has been found by GAYTHER and BUTLER [41] who also searched for 
such an effect among neutral V’s emitted in cosmic ray disintegrations in heavy 


materials. 
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CHAPTER 19. 


Interactions of K* with nucleons. 


191. — The possible reactions and the difference in behaviour between K* 
and K. 


According to the theoretical scheme the interactions of negative and po- 
sitive K particles with ordinary particles should be very different [1], due to the 
fact that (Table I-11°5 and Fig. 1-11°7) the K™ has NS — 1 and the 


K* has strangeness +1. LA pasa A DI 
A K-, interacting with a nucleon may give, vise to the following sion Ma 
absorption reactions : bp Pis stai 
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All these reactions conserve the strangeness. We also write down the as yet 
unobserved, strong electromagnetic processes which should take place at a 
rate ~ 1/137 of that of the corresponding processes with pions, 


| K+p>X°+vy 
(5-19°1) >A°+y¥ 
| K+n>Y+v. 


For K* particles the analogues of the reaction (1) (2) (5) are not pos- 
sible, because they do not conserve the strangeness and only the analogues 
of the scattering processes (3) and (4) are strong 


K'+p>K"+Pp 
(6-19'1) 
KE wok a 


(7-19°1) — K° +p (charge exchange process). 


All the reactions above have been written for collisions between K and 
fi i . single nucleons but the same processes may take place of course when the 
nucleon is bound in a nucleus. In such case however real or virtual secondary 
| processes may happen and the resulting reaction may finally take place with the. 

partecipation of more than one nucleon in the nucleus; the difference between 
the K* and K~ possible reactions however remains. Such difference is indeed 

‘confirmed by the experiments which will be discussed in the next sections. 
eee They will also allow us to determine the relevant cross-sections and the! 
DUT | puce ratios peice the processes listed above. 


wer 


vs | n of the ane ton a 
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following idea: consider among the K* produced in an uranium nucleus those 
which have been surely scattered in the same production nucleus; kinematic 
considerations allow to choose an angle (120° with respect to the forward 
direction) and a momentum (340 MeV/c) for which this is most probably the 
ease. Now if for the various kinds of K* the scattering cross-sections from 
nucleons were different, the relative abundances of the various decay modes 
among these scattered K+ should be different from the relative abundances 
among those of the normal beam. Over a total of about 600 K* scattered as 
described above the ratio between the number of re and the number of Kj ’s 
turned out to be the same as in the normal beam; the same result applies 
also to the ratio between the numbers of K7, and the number of the other Ki,; 
to this purpose however only 72 K; have been examined. 

The statistical errors over these figures are about 30%. 

The weaker point in this experiment is the assumption that the K* con- 
sidered have been effectively scattered mside the parent nucleus; we refer 
for this to the discussion in [2], where it is concluded that the fraction of 
scattered K* contained in their beam is at least 75%. 

Another experiment in the same line has been performed by BISwAs 
et al. [3] in which the K* are not scattered inside the same production nucleus 
but from a nucleus of the same emulsion stack if which they are detected and 
arrested. A total of 146 K+ scattering events with an energy between 50 and 
110 MeV and a scattering angle larger than 40° have been considered and 
an examination of the decay modes of the K* which have undergone such a 
scattering has been performed; for the criteria followed in such an examination 
we refer to the quoted paper. Again the ratio between Ki, decays and other 
decay modes was the same as in the normal beam; and also for the other 
decay modes, inside the error, no variation is noticed with respect to a non 
scattered beam, although the statistics are poor. Though more definite exper- 
imental evidence is needed, we shall now proceed to discuss the scattering and 
absorption experiments of K from nucleons without further reference to the 
possible differences in the properties of the various K’s. 


| 19:3. — Scattering of K* from hydrogen. 


à 


To the present date, the number of observed K+ scatterings by free protons 
is small but it will certainly increase rapidly in the future due to the ever 
increasing use of the hydrogen bubble chambers. So far the individuation 
was based on the selection of those scattering events in an emulsion which, 
by momentum energy conservation may be attributed to à collision of a K+ 
with an H nucleus of the emulsion. The criteria for accepting a given event 
as due to a K-p collision are the tests of coplanarity and the equality of 


| 
i 
è 
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the K and p transverse momentum; such tests are all well satisfied in the fol- 
lowing events and the proton track is always sufficiently long to make the 
above tests accurate enough. The first two events of this kind have been ob- 
served by Cuupp and coll. [4] and a larger 
collection (14 events) has been assembled 
by Biswas et al. [5]. A recent compilation 
by Biswas et al. [6] includes 27 events 
observed by several groups. Inthe Fig. 1-19°3 
we have reported the lengths of K* track 
followed in the varicus energy intervals. 
The total length of track followed is ~ 600 m 
up to an energy of about 150 MeV. In the 
same figure the shaded squares correspond 
to the primary energies of the 27 K+-p 
collisions. For all of them the scattering 
angle in the centre of mass system is larger 
than 16° and for the most part of them 
both the K* and the struck proton stop 
in the emulsion. 

The mean free path for K*-p scattering 
(Yom. > 16°) results to be 600/27 ~ 22 m. 
The corresponding total cross-section is 
found to be (14+3) mb. In Fig. 2-19°3 the 


Fig. 1-19°3. — (From [6]). Distri- Ln eae SN: : 
bution of the primary energy of angular distribution of the 27 events is 


27 K*-p collisions and of the reported in the centre of mass system (*). 
K-track length observed in various Agreement with the angular distribution 


USB BASES of Fig. 2-19°3, is obtained by assuming in 


addition to the Coulomb interaction, an S— 
wave nuclear repulsive interaction; in this way have been obtained the 
hystograms reported in Fig. 2-19°3 and calculated as the mean of a number 
of distributions corresponding to the energies over which the collisions were 
observed. 

Let us close this section with a few theoretical remarks: 


1) Call (K*p|K+p), (K*n|K*n), (K*n|K*p) the amplitudes of the pro- | 


i È cesses (3-19°1) and (4-19°1) in which we are interested. In view of the invariance 

| ‘of the theory with respect to rotations in the isotopic spin space the three 
i: amplitudes above may be expressed in terms of two scattering amplitudes, E 
‘ a E, and R,, respectively in T=0 and T=1 state. 


(*) Graphs for the transformation laboratory-centre of mass system may be 
found in [7]. Ê 4 


» 
\ 
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We have: Berkeley 2 events 


40 Bristol 2 events 

Dublin 1 event 

(RTDIR pied Gottingen 14 events 
Padua 7 events 


Rochester 1 event 


(1-19°3) | (K+n|K+n) = }(R,— R,), 30 


nuclear repulsive 
———— nuclear attractive 


| (K*n|K°p) = 4(R,+ B,). 
20 
An inequality which, in particular, may be 


derived from (1) at each angle is 


(2-19'3) do(K*n|K*n) + do(K*n|K°p)> 

> 3do(K*p|K+p). 1 08 06 04 02 0 -02 -04 -06 -08 -10 

Fig. 2-19°3.—(From [6]). y= centre 

In words: The cross-section for interaction of mass scattering angle. Distri- 

of a K* with a neutron should be (at a given bution of the angles y for 27 K*-p 

energy) equal or larger than one half that of a Collisions. The curves correspond 

È = to the cases of interference between 

the Coulomb field and: — a 

repulsive nuclear potential; --------- 

2) CEOLIN and TAFFARA [8] have per- = attractive nuclear potential. 
formed a perturbative calculation of the K+ ; 

nucleon cross-section, that is of À, and R,, using ‘an interaction of the form 

(Sect. 11°10) 


K* with a proton; the equality corresponds 
to a vanishing amplitude in the 7= 0 state. 


(3-193) In, Dr+ (parol Pxucieon) a Ie Py (PET: Prracteon) + h.c. 


A summation over 7 is understood. /' stands for f if the parity of the K is 
the same as that of the A°nucleon or X nucleon pair and for x,0%} =iysy, 
if the opposite is true. 
Both the cases have been considered; not the case in which the parity of 
the A° is opposite to that of the X. 
They obtain for À, and £, in (1) the expressions: 


È R, = g M(A) + gM (E) 
 (4-19°3) gi 
| GE R, = @ M(A) — 34M). ; 


| In (4) M(A) is the matrix element of (3) corresponding to the sum of the 
| processes i 
1 


K+t+p-—>Kt+KY+A°>KY+ p’ : 


RI pian SEAS KE pi 


752 C. FRANZINETTI and G. MORPURGO 


and M(X) is the similar expression with A° replaced by X°. From (2) and (4) 
one derives: 


| (K+p|Ktp) = gi M(A) + gs M(A) 
(5-19°3) (K+n|K*n) = 293,M(2) , 
| (Kin|K°p) = gi M(A) — g:(MX). 


The cross-sections for the corresponding processes may be easily derived 
from (5) inserting the expressions for M(A) and M(®), squaring, and mul- 
tiplying by 2xo/v, where o is the density of the final states and v the velocity — 
of the incident K’s. | 

The angular and energy behaviour for the (K*p|K*p) process assuming 
g, = g (such behaviour is however almost independent from the g\/g5 ratio 
depending almost entirely only on g,+g%) are reported graphically in the 
laboratory and centre of mass systems in Fig. 3-19°3 and 4-19°3 both for the | 
scalar and pseudoscalar case; the angular distributions were calculated at a 
kinetic energy of 80 MeV. The angular distributions are compatible with the 4 
. Coulomb corrected experimental ones. ARA can be said on the energy ¥ 
_ distributions. 


scalar 6 


mbar 
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‘a ra ve à à Ric ia © are ap J 7] È ; 
piero wave length. ‘This is apparent from the following formulas which 
give the total cross-section in the scalar and pseudoscalar case at zero kinetic 
energy for the case gt =0 (h—c=1), 


Gare M? 1 
Un = 40. _— ; 
167? (M + pu)? (M — a U — M ao)? ‘ 
{6-19°3) 
ae ES E M? masi Bis, 
| 16x? (M +? (M—p + Mx? 
Here M, u, My. are respectively the mbar scalar 


masses of nucleon, K and A°. 
A determination of gie/4 and of g$/4a 1 
at E,;,, = 80 MeV gives, assuming the two 33 


a(K p/p k/0+ 


to be equal and comparing o with the ss 
experimental value of 10 mb for the total 0 
K* p cross-section with Coulomb scattering 9 Kin. En. K*in MeV 
subtracted : 20 40 60 80 100 120 140 160 180 200 
2 2 
(7-193) I Sse Ss Jase A058 : 
47 47 mbar pseudoscalar 
and = ‘p/p K")/g* 
ips = Gs ~ 1.9 3 
An AT TKynKI/9* 


The coupling constants are therefore 
larger than the pion-nucleon ones in the 
scalar case and smaller in the pseudoscalar. 

The order of magnitude of the scalar Fig. 4-19°3. — Energy dependence 
coupling constant is similar to that deri- of the cross-sections for K*n and 
ved [9] from the production cross-section K' p scattering in the laboratory 
of K°A° pairs and from the binding energy system (from [8]):  (Scalar and 

pseudoscalar case). 
of hyperfragments. 

We finally add that also the ratios: 


2 Kin. En. K* in MeV 
20 40 60 80 100 120 140 160 180 200 


no. of processes with ch. exch. i GUT) 
and CAE 


n ~ no. of processes without ch. exch. (K+ p)’ 


have been calculated in [8]; they are of course strongly dependent on 94/95; 


LUS RTS 


and almost independent from the energy. The experimental data are as yet 
not sufficient to discuss these expressions. 
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19°4. — Interaction of K* with complex nuclei. 


The interactions of K+ with complex nuclei have been mainly (*) studied 
using stacks of nuclear emulsions exposed to the K* beam of the bevatron 
at a distance corresponding to a time of flight of the order 107*s. 

The method used is the scanning along the track. 

In the most part of the interactions observed the K+ is simply scattered 
losing possibly a fraction of its original energy and giving rise, in part of the 
cases, to a small star. In a much smaller fraction of the interactions the K* È 
disappears producing or not a small star; however in no case the visible energy — 
of the star which is sometimes produced does exceed the kinetic energy of the im- 
pinging K*, in agreement with the theoretical rules; in particular the disap- 
pearance of a K+ is consistent with an exchange reaction (like (7-19°1)), and 
not with an absorption which would be contrary to the theoretical scheme. 

The first results on the K+ nucleus interactions were published by the Ber- | 
keley group [11]; the energy of the impinging K* varied from 30 to 120 MeV. | 
Other experiments with K* in similar energy intervals were performed by the È 
Bologna [12], Bristol [14], Dublin [14], Padua [15] and Gôttingen [6] groups. _ 
These last two groups have collected the largest statistics published up to 


_ now and the following discussion will be largely based on their results, and È 


on a paper [13] by the Bologna group. À 
The following Table I-19°4 reports some data of the Padua and Gottingen 


~ events. 


~ 


TABLE [-19°4. 


| Energy | A scat- 
interval | ra |. tering i 
ous | len ) | events (+) 


RSS APR RI cela N 
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The A scattering events are those in which no detectable star is formed 
at the struck nucleus. Those events have been collected for which the projection 
of the scattering angle in the plane of the emulsion is larger that the cut-off 
angle defined in the last column. Moreover, in the Gôttingen events, the 
scattering angle itself had to be larger than 20°. The B scattering events are 
those in which a detectable star (having at least a charged prong longer than 
5 um) is formed by the struck nucleus. The Géttingen group does not report 
separately those two kinds of events. 

The following points will now be discussed. 


1) Separation of the events into elastic and inelastic scatterings; the 
relevant differential and total cross-section. 


2) The charge exchange events. 
1) Elastic and inelastic events. — The natural definition of elastic and 
inelastic events is of course the following; a scattering event is called elastic 
if the energy AE transferred from the K+ to the collided nucleus is just the 
recoil energy of the nucleus £,, corresponding to the initial energy H, of 
the K* and to the observed scattering angle of ame K+: AH = #.,,; an event 
is called inelastic if AE > £,,.; it is clear in particular that all the scattering 
events of class B are inelastic. But the situation is not so simple for the 
class A events, mainly on account of 
the experimental errors in the measu- 100% 
rements of AZ. ete 
Let us plot, following the Padua  % 
group, the observed events of class A 20 
as a function of the measured value 
of AE/E,, the relative energy loss of  -40 


Se E 


£,<90 MeV 


the K+ (Fig. 1-19°4). 7 AE Mii 
It is apparent that values of 3 L 

AË/E,= — 0.2 are by no means impro- ae | 

bable. Since it is impossible that a K*  _,, 

acquires energy in the scattering pro- 0° 10° 209309409 50° 60°70° 80°90° 100° 120° 140° 160 , 


cess, this simply means that we have Fig. 1-194. — (From [15]). Plot of rela- 
to deal with experimental errors in tive energy loss (AB/E1 vs. angle of 
the determination of AE/E, which may scatterino for two energy nera 
be as large as 20%. “ i à 
With such errors, all what one can reasonably do is perhaps to call inelastic 
all the events for which AH/E,>0.2 and clastic all the ones for which 


| AB/E, < 0.2. 


With this definition, which will be always used from now on, the inelastic 


events are almost certainly inelastic in the proper sense of the word, but the — 


n 
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elastic ones may contain a fraction of slightly inelastic events, that is of events 
with nuclear excitation less or equal, on the average, to — 20 MeV. 

The numbers of the so defined inelastic events is 67 for the Gôttingen group 
(this is the figure which may be derived from the Table I, p. 126 of [6]). 
It includes also the scattering events giving rise to a star and satisfying 
AE/E, > 0.2) and 83 for the Padua group (this is the figure which may be 
obtained adding to the number of A events with AE/E, > 0.2, that part of 
the 46 events of class B having AZ/E, > 0.2 (in fact all but one)). 

The remaining events are elastie events. The mean free path for inelastic 


collisions in emulsion (always with the meaning specified above of the word |, 


inelastic) are reported in the following Table I1-19°4 both for the Géttingen 
and Padua events. 


TABLE II-19°4. — Inelastic events. 


90 < E< 160 | (214 + 33B) 


(+) Excluding charge exchange events. ; 

; (*) The average nucleus of the emulsion is defined as having Z= 22, A= 49. The cross 

| section is calculated according to o— (AN) 1 where 2 is the mean free path qu N is the 
Hanae of (average) nuclei per cm*. = 


ae 
ea 


Number of Inelastic mean Corresponding inelastic 
Laboratory inelastic free path in cross section per average 
scatterings emulsion (+) nucleus of the emulsion (+) (*) 
Géttingen 67 105/67 = 1.58 m = 
Padua 29 53/29 = 1.81 m 110 mb 
40< H< 90 (17A + 12B) 
Padua 54 57/54 = 1.05 m 220 mb. 408 
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The following Table III-19°4 contains instead the number of elastic events, 
the relevant mean free path and the corresponding cross-section per average 
nucleus of the emulsion (the emulsion composition is taken as 43% of the 

O SE + NP = 24 
nuclei! with A= 95, Z=42 and 57% with A=14, Z ; the average 
nucleus of the emulsion is defined as having A = 49, Z = 22). 


7 
LÌ 


TABLE UL 194. : — Flastic scattering mean Der, path a the Padua events he > 12°). 


Wine of elastic 
scattering events 


| lz ve cross section 


Mean free path | 
| per average nucleus 


40< E< 90 209 


| 0.25 m | (848 +78 mb) 
| 90 < E < 160 | 98 


0.58 m | (366 +51 mb) 


Of course the cross-sections here depends critically on the cut-off angle 
due to Coulomb scattering. 

The important point about the values of the cross-sections reported in 
Table III-19'4 is that they are more than three times larger than the ones 
for pure Coulomb scattering showing the existence of a nuclear potential $ 
acting on the K+. Moreover from the value of tlfe total elastic scattering cross- 
section and from the angular distribution of such scattering (the region 
7°<0<12° was explored by the Padua group in an additional set of measu- 
rements) the interference may be shown to be constructive (compare the next Cie 
section). x 

The Padua angular distributions of the elastic events are reproduced in 
Fig. 3-19°4; on this point there is some 
discrepancy with the results of the Gôttingen | 
group, which have a smaller number of elastic A 
events at large angles. 


8 AN/NA così 


2) Charge exchange events. — As is appa- 
rent from Table I-19°4, the total number of 
the charge exchange interactions observed by _ 
the Padua group is 10 over a total of 84 
inelastic interactions (with our definition of 
| inelastic). Experimentally the identification 

| of a charge exchange interaction event is not 
| | straightforward, for the following reasons: 
: Fig. 2-19.4. - Angular distri charge exchange events may take place in two — 

bution of inelastic scattering ways: a) a K* gives rise to a small star from 
| ERA ie curves which no prong which is identified as a K* è. 
a Rag eRe ge eet a appears to come out; 6 events (among the 


calculations under various as- à . ; thecal 
sumptions (compare ref. [6]). 10 above) belong to this class; in this case one _ 


49 — Supplemento al Nuovo Cimento. 
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È 2 . feat . . DI x +4 
must pay attention to the short prongs for which the distinetion between K 
and protons is not possible and to the fact that not always the secondaries 
from the K+ decay are visible; b) an identified K* stops in flight; events of 


256 (experimental) 


AQ 
503(experimental) sol 
300(Coulomb) 
Elastic events Elastic events 
E, = 90 MeV 40} E, >90 MeV 


— experimental 


--— Coulomb scattering 
(extended charge) 30}. 


a) b) 


20+ | 


eS er 


pe : 9 
05 20° 40° 60° 80° 100°120° 140° 160°180° 


0 radi dn J 
O° 20° 40° 60° 80° 100°120° 140° 160° 180° 


Fig. 3-19°4. — (From [15]). — Angular distributions of clastic events for two energy 
intervals. 


this kind may be either charge exchanges in some nucleus without the emis- 
sion of charged secondaries from the nucleus, or decays in flight with a non 
visible secondary. Among 13 events of this kind, according to ref [15], 9 are. 
decays in flight and 4 are charge exchanges. 


19°5. — Interpretation of the results on K*-nucleus scattering. 


-.. Essentially two kinds of information one may try to derive from the results: 
of K*-nucleus scattering: 1) information on the K*-neutron scattering (from 
inelastic scattering data); 2) information on the potential between nucleus. 
and K*, apart from the Coulomb potential (mainly from elastic scattering). 


We first examine the second point, and show that there is evidence for a. 


nucleus-K* repulsive potential. 

We simply report the facts, which, according to [16], support the above: 
conclusion (*); the calculations are made with an optical model of the nucleus. 
and only the real part of this potential essentially intervenes in the elastic. 


(*) According to [17] the (preliminary) data were in favour of an attractive 


potential, but a later paper [18]is in agreement with the conclusions of [16]. 
LN 


x 


= 
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scattering. This potential is the sum of a Coulomb part (where account is 
taken of the extension of the nucleus) and of a purely nuclear potential V,. 
Now, according to [16] the value of the total elastic cross-section from 20° 
on determines the nuclear potential V, as Vy = + 14 MeV or —19 MeV 
(the extension of this potential well is Supposed to be that of the nucleus, 
with a radius R = 1.36 A?-10-13 cm). 

But when account is taken of the small angle scattering events, which 
are in large excess of the ones expected for a pure Coulomb scattering 
(Fig. 3-19°4), the need for a constructive interference, hence for a repulsive Vie 
appears. 

Hence the first choice of V, (+14 MeV) seems indicated: the small 
angle elastic scattering events would, themselves alone, give a somewhat 
higher value for V,, namely (19 +7) MeV. 

Another argument which both Costa and PATERGNANI [16] and the Bo- 
logna and Géttingen groups report as a check for a repulsive nuclearpot ential 
is the behaviour of the distribution of AH/H, for the inelastic events, with 
increasing H,. They show in particular that the fact that there is a lack of 
large energy losses for backward scattered K* is explained by a repulsive 
potential with the above order of magnitude, if one wants to maintain the 
model of collisions against individual nucleons. ‘ : 

We now come to the first point, the evidence on the K+-n cross-section. 
Assuming the inelastic collisions to be collisions between the K+ and single 
nucleons in the nucleus, one may try to derive, taking into account of course 
the very important (at these energies) role of the Pauli principle, from the 
observed K*-nucleus inelastic cross-section, the average cross-section with a 
free nucleon. Since we know, on the other hand, the cross-section with a 
free proton from the K+-H scattering data (Coulomb scattering subtracted) 
it is possible to determine the cross-section with a free neutron (+). 

If this is done, according to the Padua group (compare [15] for a detailed 


. discussion, noticing however that the footnote (7) of [15] can hardly be recon- 


ciled with the general relation (2-19°3)) the K+n cross-section (charge exchange 
included) turns out to be much smaller than the K* p one; in other words the 


observed total inelastic K* nucleus cross-section appears to be explainable, 


PRA pee be 5 


according to the Padua group, almost without invoking the participation 


(+) The cross section for K+-H scattering (Coulomb scattering subtracted) is of 


| the order 10--11 mb. The average cross section for scattering by a free nucleon, deter. 


mined from the K+ nucleus scattering, taking into account the effect of the Pauli 
principle is of the order, charge exch. included, of 8 mb [13]. It turns out that the 


average cross section for scattering by a neutron must be 5-6 mb, or about 3 of — 
that for proton scattering; according to (2-19°3) this means scattering in the pure 


T = 1 state; however the above figures are still affected by rather large errors and 


_ have been quoted here just to make the argument more concrete. 
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of neutrons. This would point to the conclusion (at least at the lower energies) 
that the dominant state is the T— 1 state, in which case the inequality 
(2-19°3) may be satisfied with the sign of equal. 

In our opinion however, in view of the still large experimental errors and 
of the uncertainties of the theoretical treatment in the derivation of the ele- 
mentary cross-section from the K*-nucleus one, this conclusion has to be taken 
with much caution. 

It is true that it is perhaps supported also by the smallness of the K+ 
nucleus exchange scattering; with a pure T— 1 state one would expect, in 
collisions against a gas of neutrons and protons, in equal numbers, a ratio § 
for the exchange scattering to the total scattering (compare again the for- 
mulas (1-19°3)). But also here the situation is not so simple, both theoretically 
and experimentally. 


Added note (April 15, 1957). 


Results from the Bristol-Dublin groups (B. BHowMIK, D. Evans, S. NILL- 
SON, D. PROWSE, F. ANDERSON, D. KEEFE, A. KERNAN, J. LOSTY - to be 
published) at energies from 0 to 130 MeV have arrived when this review was 
ready for publication. They are generally consistent with the above data. 

In particular: a) The average (60 < E < 130 MeV) inelastic cross-section 
per average nucleus of the emulsion is — 150 mb. b) The ratio of charge 
exchange to non charge exchange events is 0.20 + 0.07 (18 events have been 
interpreted as charge exchanges). c) The interpretation of the Coulomb scat- 
tering leads to essentially the same values of the nuclear potential as already 
reported. d) A detailed analysis made on the same lines as that in Sect. 19°5 
leads to a value 0.1 + 0.7 for the ratio between the square of the scattering 
amplitude in the 7=0 and that in the 7=1 state. The above results refer 
to 148 m of K* track scanned. 
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CHAPTER 20. 


Interactions of K~ and negative hyperons with nucleons. 


20.1. - K interactions in flight with complex nuclei. 


In discussing the K- interactions it is convenient to distinguish between 
the interactions with H and with complex nuclei; we shall here follow the 
historical order and first describe the interactions with complex nuclei which 
have been mainly obtained through the use of nuclear emulsions and arti- 
ficially produced K~. Later (Sect. 20°6) we shall report on the KT-H inter- 
actions which furnish much more detailed information, of course, and on which 
we have now, by means of the hydrogen bubble chamber rather abundant 
data [1]. . 

Dealing with the KT complex nucleus interactions we shall first discuss 
the interactions in flight, and later the interactions at rest. This section wil 
consider the interactions in flight. 

Again the method followed in finding the interactions in flight is generally 
the same used for the K*, that of «scanning along the track », which does not 


. . introduce any bias in connection with the type of interaction found. 


Now which is the appearence of these interactions in flight? The first 
point to be noted is that almost without exception they lead to the disap- 
pearance of the incident K7 and to a rather larger star; the reason is that 
contrary to the K* case, the reactions (1-19°1) and (2-19°1) may now take — 
| place; what the data show is that at least in complex nuclei they are over- | 
whelmingly dominant over the elastic (or inelastic) nuclear scattering reaction 
(of course small angle Coulomb scattering is always present). Also the charge- a 
exchange reaction seems very unfrequent. These conclusions appear clearly 
| from the following table I in which 9 events of interaction in flight found by — 
| HoRNBOSTEL and SALANT [2] are described as an example. 4 

The Table I-20°1 is self explanatory as far as columns 1 to 5 are concerned; | 
the contents of column 6 will be clear after the discussion of the K~ interactions — 
‘sh at rest. The point which is important for the moment is that out of 9 inter- 


| actions only one (the last) is possibly a nuclear elastic scattering, one (the eighth) — 
x A d 
\ 
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is possibly a charge exchange and all the other 7 show visible energies which 
necessarily imply the absorption of the initial K~; in 4 of these 7 events, the 
emission of a hyperon is observed in agreement with the theoretical scheme; 
clearly such an emission, though undetected, is consistent with all of them. 


T ABLE us 20°1. 
| Kinetie Kinetic energies atei r) aad identity | Visible Re 
| energy of star particles star | Presumed 
fasi 7 il Mess energy | reaction 
(MeV) Hyperon Pion ND DIS heavy, | (MeV) | 
PA Ws + prongs | 
74406 582 ropes |v65et® | Repas arr 
40+12 yard: ang | 5p; 130; — 45p | 327427 | K+n>Y+n°0 
50+ 8 | hyperfrag. | | 11p; 66p 273 K4+n->Y+n0 
| | 
70 ' | “hyperfrag. | 100759 | ~40p;(18p) | 465% K +n=Y Er. 
72+ 6 6642 | | 205+ 2 K +n + 194+ 27 
| | Le 
45+ 5 | (1007. 20f; 45p 31473 K-+n > AQ 7- 
584 4 | lla; 102; 45p; 5p | 99-414 | K-+p>Y°tn° 
56+ 3 | 14p 24+ 5 |{ K +p—K°+n 
| | or 
| K +p > Y°+7r° 
76 | elastic nuclear 
| | _ | scattering 


The same features appear from a larger statistics (24 interactions in flight 
excluding Coulomb scatterings) collected by FOURNET and WIDGOFF [3] 
at energies up to 100 MeV. Of these 24 interactions 16 are surely absorptions, 1 
is an elastic nuclear scattering, 7 could possibly be charge exchange scatterings. 
Among the stars corresponding to the 16 certain absorptions, 3 show the emis- 


sion of a charged pion, 5 of a hyperon or hyperfragment, 1 of both; all are — “ig 


consistent (energetically) with the emission of a hyperon. 
Passing now to the total cross-section for the nuclear interaction of K7 


in flight, it is to be expected that on account of the higher number of final 


states involved it should be larger than that for K+ interaction; that this is so is 


shown by the following Table IT-20° 1 [5] which contains the results of the x Bi 


Authors said above and also the ones of the ears groups [4, 5]. res bi: 


‘nuclear scattering is excluded. 
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TABLE II-20°1. — (from S. GOLDHABER [5]). 
NC a Me att | Track length Mean free path 
Author | os flight | explored (m) (em) 
(30 < # < 100 MeV) 
[2] | 8 | 1.36 17 + 5 
[4, 5] 21 4.88 23 + 5 
| 6 | 2.77 46 +19 
[3] | 23 | 8.68 | 36 + 9 
| | | 
Total | 58 | 17.69 (*) | 30.5+ 4 cm 
(*) A figure 27.2+ 2.3 cm in emulsion has been obtained by [6] from along the track 


scanning of 1224 K- at energies from 30 to 90 MeV. 


It is apparent that the mean free path À is more than four times smaller 
than the corresponding one for the inelastic scattering plus charge exchange 


of K* in the same energy interval. The above val 
geometrical cross-section. 


ue of A corresponds to a 


A feature of the above data which is worth stressing is the smallness of 
the elastic and also of the inelastic nuclear scattering; a possible reason for 


PRONG DISTRIBUTION 


ee FLIGHT 
HORNBOSTEL&SALANT 30 8 
GOLDHABER etal 138 21 
WHITE etal 75 4 
GEORGE etal 52 — IN FLIGHT 
FOURNET & WIDGOFF 137 23 
449 56 


AT REST 


PERCENT OF STARS 


Fig. 1-20°1. — (From [5)). 


also may not. If the exchange reaction is frequent on 


this, pointed out by HORN- 
BOSTEL and SALANT [2], 
may be the fact that the 
K7 interacts with more 
than one nucleon in the 
same nucleus, so that it 
is finally absorbed. 
Another point on which 
further investigation is 
needed is the frequency 
of the charge exchange 
events (reaction (3-19°1)). 
In principle any inter- 
action star in which the 
K° disappears and the 
visible energy release is 
less than the initial kinetic 
energy of the K may be- 
long to this class; but ib 
e should observe that the 


percentage of 0 and 1 prong stars due to K~ absorption in flight are larger than 
the corresponding percentages when the K7 is absorbed at rest, because in 


x 
“ 
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the latter case the charge exchange process presumably cannot take place. 
This is not observed, as it is apparent from the preceding graphs (1-20'1) 
taken from S. GOLDHABER’s compilation [5] (*). 


20°2. — Interactions of K at rest. Historical introduction. 


The first examples of stars produced in the nuclear absorption of KT at 
rest were detected in nuclear emulsions (compare for instance [7-9]) and are 
summarized in [10]; it was immediately noticed that the visible energies of 
such stars were less than the mass of the K7. Some time elapsed before the 
emission of neutral hyperons was first detected by the cloud chamber obser- 
vations of BARKER and of DE STAEBLER [11, 12]; later the Genoa-Milan 
group [13] gave the first example of absorption in nuclear emulsion of a KT 
at rest with emission of a charged hyperon. Thus examples of KT absorption 
reactions in agreement with the theoretical scheme (compare reactions 1, 2-19°1)) 
were available. 

Referring from now on to the work on nuclear emulsions with which 
the most part of the observations have been made, the question is then: are 
also those absorption events, in which no emission of hyperons is actually 
seen, consistent with the emission of a neutral hyperon in agreement with 
the theoretical scheme? 

An argument presented by TOUSCHEK [14] even before knowing that the 
actual emission of a hyperon in the absorption events was observed, shows that 
that this is the case; that is, the visible energy release in those K° absorption 
stars in which no hyperon is apparently emitted, may be simply interpreted 
only if the assumption is made that a neutral hyperon is emitted in agree- 
ment with one of the reactions (1-19°1) and (2-19°1). 

The point is simply that in those events in which no hyperon is seen but. 


a pion is emitted, such a pion has a relatively low energy; in the events dis- 
. cussed by TOUSCHEK it never exceeded 54 MeV (now there are examples with 


pions up to 160 MeV). If we then consider the various processes which might 


| a priori be possible such as: 


. (1-20°2) K-+4N->N+r 


| (2-20°2) KOEN a 


one realizes that the x energy might be generally much larger than the above 


(*) This compilation has been extensively used throughout this chapter. 
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figure, being for example around 300 MeV in case (1) and extending up to à 
similar value in case (2). One may then try to explain the absorption assuming 
the reaction to take place according to a scheme like: 


(3-20°2) Kose N= Tir, 


where Y° is a new particle and ask what the mass of Y° must be in order that 
the pion energy does not exceed some given value H,; for H, = 54 MeV 
TouscHEK found m,= 1240 MeV in rough agreement with the mass of a 2 
this provides evidence that in fact the absorption process is consistent with 
the emission of a hyperon. 

At the time in which the above considerations were made only about ten 


events of K~ absorption at rest were available; now (summer 1956) — 750 events 


have been reported. The main features of such events will be described in 
the next section; in Sect. 20°4 a more detailed discussion is given. 


20:3. — The main features of the K absorption events at rest. 


The largest part of the above 750 cases of K7 absorption have been observed 
with artificially produced K°7; only a small fraction are cosmic ray events, 
and in part (45) these have been reviewed [15] at the Pisa Conference. 

Not all the authors have published all the information in their possession 
so that part of the discussion below will have to be based on-very partial data. 

The main set of data from artificial KT are due to HORNBOSTEL and SA- 
LANT [2, 16], GOLDHABER et al. [17], GEORGE et al. [18], FOURNET and WIp- 
GOFF [3], SCHEIN et al.. [19], Fry et al. [20], WHITE et al. [21]. 

The proper identification of an event as a K~ capture is made very easy 
by the artificial production of K~, so we shall not insist upon this part of the 
problem. 

The methods used are two: the area scanning and the scanning along the 
track. In the first method small stars may be undetected while the second 
method is not affected by biasses of such kind; therefore for making statistics 
‘of the stars as a funetion of their number of prongs, only the second method is 
reasonable, at least if one wants to include stars with a small number of prongs. 


The stars produced by the K7 absorption may be divided into several 
classes: 


1) zero-prongs stars, that is events in which a KT stops at some point 


of the emulsion and no visible prong comes out. Events of such kind are 
also called K;; ve ie 


\, 
‘ 


PTS era 


F4 


| 
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2) stars from which only stable charged prongs are emitted; 

3) stars which contain one charged pion, but not a charged hyperon; 
4) stars which contain one charged hyperon but not a charged pion; 
5) stars which contain both a charged hyperon and a charged pion. 


In the following Table I the subdivision of the stars into the above cate- 


gories, observed by the groups SALSE LE, used the scanning along the track 
method are reported. 


It appears from the Table I that about 20% of the K~ terminate without 


: giving rise to a visible star, a figure to be compared with 30% for pions. 


The cases in which a hyperon is seen are ~ 18% and the cases in which a 
pion is seen (not accompanied by a hyperon) are — 22%. The rest 42% 


are stars containing only visible stable prongs (p, «, H, D, etc.) Some 
- of these figures (more precisely the one referring to the fraction of pions and — 


to the fraction of hyperons accompanied by pions) may be found also in the 
compilation by GOLDHABER referring to 410 K™ [5]. 


DÒ 


TABLE I-20°3. a 
Fi —— 7 — = = ert 
Total ri Des Percentage of stars of class _ 
b z SE à 5 
Author SES pri 1° 2 3 | 4° sE 
* Stable lion but lee but: alii | 
stars | Ke Y and x 


prongs only | not Y 
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Ia 20:4. — Discussion of the various kinds of events. 


at The absorption events belonging to the various groups 1 to 5 of the past 
so section may now be separately discussed (compare also [2, 22]). The purpose 
i of such a discussion will be to amplify that of Sect. 20°3 and show that all 
: the events are consistent with the reactions allowed by the theoretical scheme. 
To facilitate the following discussion it may be useful to give [2] the ex- 
SE pected energy releases for the various reactions which may take place, in order 
SD | to compare them with the observed ones. 


BG 1) Reaction K-+«N»->X +. The Q of this reaction, taking into: 
gt account the fact that the nucleon which absorbs the K~ is bound as indicated 
. by the dashes, is 94 MeV. If the X and x escape from the nucleus without 
1 : x interacting their kinetic energies will be (assuming the nucleon which absorbs. | 


the K7 initially at rest): | 
| 


(my + Q/2) 


PA 
Ù Mr + Mix» 


= 82 MeV, 


(1-20°4) 


(Mt te 2) egies | 
Mg + Minx» J 


= 

| When account is taken of the Fermi motion of the absorbing nucleon inside 
È the nucleus, the kinetic energies are no more univocally determined; 7, may 
RA, vary from 94 to 49 MeV and 7, correspondingly from 0 to 45 MeV, the above > 
_ values being for a Fermi momentum of 200 MeV/c. i 


2) Reaction KT +« N »>A°+x. The @ of this reaction is 168 MeV; 
for absorption by a nucleon at rest this energy is shared between the A° sn 
the pion in the following way: T= 142 MeV, T,.= 26 MeV; when account: A 
Di taken of the Fermi motion of the absorbing nucleon, 7_ may range between — 
99 to 166 MeV and | correspondingly Ty between 69 to 2 MeV. © 

We may now proceed to see whether the observed reactions do, in some 
: way contradict the above figures. We consider separately en class of events 
and begin with the: N Ai ‘ | 


‘ » 
#5 


‘à te a) K, ‘events. Not much can be said about them; sy are “presumably 
AE ture events in which the TR dari of ue RE. is Ree away by a neu 
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‘a 300/ P PR TARE, . . 
there 30% of the absorptions are of the x, type. The absorption mechanism 
is however rather different in the two cases. 


5) We next discuss the absorption events of class 2 in which only stable 
prongs are present. Such events may again be attributed to reactions in 
which a larger fraction of the available energy is spent to give rise to a star. 
If this is the case the visible energy carried by the stable prongs should not 
exceed 168 or 94 MeV according to whether a A° or a Y° is emitted. 

This is indeed seen to be the case in the most part of the events; however 
there are also a few others in which the energy exceeds 168 MeV. They are 
however not unexpected; indeed it may well happen that the pion (charged 
or neutral) emitted together with a neutral hyperon in one of the two fun- 
reactions (1, 2-19°1) is absorbed (really or virtually) by another nucleon in 
the same nucleus (an estimate of the probability of this process has been 
given in [23]). In this case the energy release in the star may be as high as 
~ 168 + 140 MeV =: 308 MeV. 

The process may then be written: 


(2-20°4) K-~-+«Ny+«Ny>Y+4r. 
¥ 

The experimental situation is reproduced in the figure below (Fig. 1-20°4). 
It must be added that to obtain the visible energies of the stars one has to 
add to the kinetic energies of the emitted particles 8 MeV for each emitted 
proton and ~ 2- 3 MeV for each 
x particle to take account of the 
binding energy. It also has to be 
noticed that it is often difficult to 
distinguish a proton froni a deuteron 
or from a triton when they have a 
range too short and most of the 
analyses are carried out under the 
assumption that all the singly char- 
ged particles are protons. Finally it 
is obvious that the visible energy 
is in general much less than the energy release of the star due-to the energy 
taken away by neutrons. 

The graph shows that in the great majority of the cases the visible energy 
is much less than 168 MeV and that in no case it exceeds 308 MeV, in agrec- 


VA event 


80 ira 180 200 220 240 


Fig. 1-20°4. — Visible energies of 60 K™ 
stars with stable prongs only. 


ment with what one had to expect. 
The distributions in the number of stable heavy prongs in this kind of | 
events have been discussed in [18] and compared with the similar quantity © 


for stars from the absorption of pions. 


but no pion visible). 
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c) Class 3 events (a pion but no hyperon visible). 
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Considering again the 


visible energies of the stable prongs in this class, these should never exceed 
here 168 MeV. This is indeed the case as it is apparent from the Fig. 2. 


levent 


0 20 40 60 80 100 120 40 160 
E (MeV) 

Fig. 2-20°4. — Visible energies of the 

stable prongs in class 3 events (includes 

27 cases). 


Considering next the energy of the 
pion it must be comprised between 
99 and 166 MeV if a A° is emitted in 
the primary absorption act and between 
49 and 94 MeV if a X is emitted. It 
is obvious however that à pion of an 
energy less than 94 MeV is not a proof 
of a & process because of the possible 
inelastic collisions of pions inside the 
nucleus. 

In any case the pion energy cannot 


exceed 166 MeV and the experimental spectrum, shown below (Fig. 3) confirms. 
this prediction. It has already been pointed out that much larger pion ener- 


gies (up to —300 MeV) should be 
present if a reaction like (1), contra- 
dicting the conservation of strange- 
ness, might take place. 

Very little can be said presently 
concerning the signs of the emitted 
pions. The present situation, includ- 
ing the events of class 5, as summa- 
rized in [24], from various groups is 
29 negative pions to 3 positive pions. 
It may be pointed out, as observed 
by KosHIBA, that a bias is present in 
these figures tending to select low 
energy pions, namely those which 
can stop in the emulsion. 


. d) Class 4 events (a hyperon 
We have in- 
cluded in this class both events with 
emission of a 2+ and with emission 
of a hyperfragment. Concerning the 
first kind of events the energy spec- 


| trum of the X* is presented in Fig. 4. 
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©. Fig. 3-20°4. — (From [5)). 


The Y°s produced according to the reaction K7 + p + ye + ana have — > 
a kinetic energy larger than 45 MeV. Fig. 4 shows that only in few cases | 


x 
x 


it is not so. Such cases ast’ be attributed to a «two eo » absorption | È: 


AN INTRODUCTION TO THE 


process (compare (2)) in which case 
the energy may be as large 
180MeV. However it may be pointed 
out that perhaps a 
against the 
They 
the plates 


as 
bias exists 
detection of too energetic 
Ds. may in fact escape from 
and, their decay being 
unobserved be confused with pro- 
tons. 

A question of some interest is 
the relative numbers of Y+ and XL” 
(in this consideration we include also 
the events belonging to class 5). 

The experimental ratio between 
the numbers of =~ and &* observed 
by various investigators is [24]: 
Xx /[X2* = 2.7. The results are pro- 
bably slightly biassed against the 
detection of ~’s; in fact 2 ’s which, 
being absorbed at the end of their 
range (Sect. 20°7) give rise to zero 
prong stars [25] may be confused 
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Fig. -4-20'4. — (From [5]). 


. with protons. Fry has observed Auger electrons arising from the ends of some: 
=" tracks and has suggested to look for such electrons as a way to correct for 
this bias; the assumption being that the fraction of cases in which an Auger 


ND, à 


K= ABSORPTION STARS AT REST 
SUM OF KINETIC ENERGIES OF ASSOCIATED 


HORNBOSTEL 

& SALANT 2 
FRY ET AL 1 
GOLDHABER ET AL 3 
GEORGE ET AL 1 
WHITE ET AL 5 
SCHEIN ET AL 1 
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Fig. 5-20°4. — (From [5)). 


electron is observed at the end of 
a track giving rise to a zero prong 
star is the same as for the u 
meson absorption, in which case 
it is 25%. It is not easy to 
know how good such an estimate 
can be. % 

Finally the question of the 
hyperfragments produced in K7 
absorption may be mentioned. 
The numbers of such hyper- 
fragments observed will be di- 


‘ scussed in Ch. 21; the identifi- 


cation of the hyperfragments as. 
such is often uncertain because. 
they frequently have a shtor 


‘range. 


Bich 
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e) Events in whieh both a hyperon and a pion are emitted. - We consider 
only the events in which a Z* and a pion are observed (not a bound A°). 
They constitute the most direct confirmation of the reaction (1-19°1). For 
most of such events the sum of the kinetic energies of the X and of the pion 
is near the theoretical limit of 93 MeV (compare Fig. 5) showing that the 
absorption act has not implied a large excitation of the whole nucleus. 
On the other hand the absorption has, in the cases reported below, surely 
taken place in a complex nucleus and not in hydrogen, because considering 
the momenta of the pion and of the X*, there is a momentum unbalance. 

Two or three cases in which the absorption has been in hydrogen were 
found in emulsion and used for a computation of the masses of the XY” and of 
the KT (Sects. 5°3 and 272). 


20°5. - Summary of the situation of K absorption from complex nuclei. 


We may at this point summarize the discussion above: 


a) the observations are perfectly consistent with the reactions predicted 
by the theoretical scheme; by the way it may be remarked that there is no 
evidence for E° coming out from a K° absorption star; although the reaction 
K-+p > & +n- is not energetically possible, the reaction K7 +4 N »-+« N »> 
> + N would be possible for a K7 of strangeness — 2; this is an indication 
(but not a proof because of the difficulties of discriminating between =X and 


=) that K~ having strangeness — 2 either do not exist, or are not easily 


produced, or live a time shorter than the one needed for falling into the 


lowest Bohr orbit; 


! 


b) that often it is possible, by energetic considerations, to establish if 
a X° or a A° has been produced in the absorption event even if it is not actually 
‘observed. It is however difficult to establish a quantitative value for the ratio 
between the numbers of X and A° produced in the primary absorption act. 
The reasons for this are two: \ 


1) it is difficult to establish with some precision the numbers of A°, X+, 


«2° and X° which come out from the stars; i e 


2) even if we knew such numbers there is no way to estimate the number | 


Baa of hyperons produced as & but which come out from the star as A° due to the 


strong secondary process: 
2 +p > Ae +n 
Stan — A +p etc. 


AN INTRODUCTION TO THE PHYSICS OF THE NEW PARTICLES 773 


The best way to give a definite answer to this question probably starts from 
the absorption experiments in H and in D by means of a bubble chamber; the 
experiments in H, recently performed [1] will now be discussed. 


20°6. — K absorption events in H. 


A remarkable experiment, which clearly illustrates the advantages of the 
H bubble chamber technique, has been recently accomplished by the Berkeley 
group [1] on K--H interactions. The K~ interacts in a H bubble chamber 
10 inch in diameter and 6.4 inch deep with a magnetic field of 11 kG and ex- 
posed at the Bevatron’s repetition rate (10 times per minute). The results 
below refer to 35000 pictures examined out of 10° taken; the most part of 
the data obtained from this experiment have been already inserted at the 
appropriate places: spin of the & and parity doublet question (Sect. 15°6); 
lifetimes and masses of the A°, X+, 27 (Chs. 4, 5); proof of the existence of 
the Z° (Ch. 6); 2X -proton interaction (Sect. 20°7); 27, X%+ decay and 
[AT | = rule (Sect. 16°11). 

Here we shall simply a) present the statistics obtained and b) discuss the 
information which may be obtained from the production branching ratio of 
the various kinds of hyperons regarding the partitipation of the various isotopic 
spin states to the processes in question. ,* 

As far as a) is concerned the Table I-20°6 is self n LS Teo Ne 
interaction events have been observed, including 26 events of the kind Ko, 


that is in which a K= stops at some point withouth giving rise to visible inter- 


a 


actions or decay products. 

As far as the 111 remaining events are concerned one may see from the 
Table I that the relative production rates of X, +, X°, A°, are in the 
ratios of about 4:2:2:1 including both the interactions at rest and those in 
flight. Pictures of some events are shown below (Fig. 1, 2, 3). No event 
contradicting the Gell-Mann and Nishijima scheme has been found. 

As far as point b) is concerned, consider first the production processes of 
x, X*, X°. The initial K_+p state is a coherent superposition 1:1 of states 
with T=1 and T—0; if T is conserved the state with 7= 1 will give rise 


to a final state T— 1 with some amplitude J, and the state with T= 0 will 


i give a final T—0 state with some amplitude J,. The final state will there- 


Ì 


pp rn 


_ fore be, with notations of obvious meaning: 


a 


From this expression it is straightforward to derive that: 


NX)_ |rexp[ig] + v3 


Ji (ta — x 2+) sù Jo (xt + dt — m2). 


| (1-206) ; N24)  [rexplig] — v8|°° 


50 — Supplemento al Nuovo Cimento. 


T 


4 Ape as 
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TABLE 1-20°6. — Distribution of Events (*) (from ref. [1]). 
A) K° interactions: 
K +p— Circumstances of K interactions 
In flight At rest | Total 
IL K + p (elastic scatter) . . 3 — 
7 mtn | MO) Qe} 3 
IL g KS den 3 nm + n° Ke | 
| K, decay. . None observed | | 
gr 2 i n + xt 14 28 
II. E+ 4; D + te Ho di 
Sy a tia 44 55 ; 
SV à = < 
ve A xX” interacts 6 i 


V 24m; ++ A, A> sE È 7 
ieee Pare 
Wale eae AS pas 
VII. A+n0+n0 
VERRE ees 
| Total excluding Ko . . . . . . . 0 


Total Interactions 
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Fig. 2-20°6 — (From [1]). A K-mesic atom disintegrates into © + 2°. The X° goes its 
full range, comes to rest, and is captured by a proton, whereupon it produces 
Z°>A + y. The x* is scattered by a proton. 
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and 


NX) + NE 
Sb i) aie 


where we have put J,/J) =r exp ip, and N(X) means: number of »’s. 

The ratio r =|J,|/\Jj| may be derived from (2-20°6) taking into account 
that the number of X° observed is not equal to the number of effectively pro- 
duced Y°, because a fraction of the A° may decay into neutral products; in 
other words, N(Y°) to be inserted in (2) is equal to (1/2) IN reervea(2°), Where & is 
the fraction of A° which decay in the charged way. Using the value of x from 
the Brookhaven Columbia experiments (x=3) we get from (2) inserting the 
values for N,rwerva(2°) given in the table 


ræ 0.8, 


. g may then be determined from (1); one gets g ~ 70°; it so appears that 


there is no predominance of an isotopic spin state over the other in this 
process. 

As far as the ratio between the matrix element J, (for © production in 
the T=1 state) and the matrix element G, for A° production (necessarily only 
in the T—1 state) is concerned, also this ratig depends on «: o “a= one 
gets |G,/J, |?~ +. 


It should be realized that all these figures sati in a very critical way | È 
| from the input figures: it is therefore better to wait for ER statistics to 


draw definite conclusions. 


Notice finally that the ie absorption experiments in D may on a 


check of the isotopic spin conservation and of the value of r and g fou 


ST - x di pode "lai ; Pile 
K--H interaction MSA — All what is i rà on the above — sh 
cross-section is contained in the following Table II-20°6 which summarizes 
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the data obtained by different authors with various methods at different 
energies. 

These values are still affected by very large errors except the last one, 
which refers to a rather higher energy than the first two. 


20°7. — Interactions of © and = with nucleons. 


There is very little evidence on the interactions of these particles with 
nucleons and nuclei. This is essentially due to the shorter lifetime of the & 
with respect to the K+, which prevents, at the moment, to perform with the 
Y°s the same kind of experiments which have been done with the K’s. One 
or two events have been reported which represent probably captures in flight 
of a X*, in a complex nucleus [27, 28], and a similar number in H [1]. 

A few more events on the contrary are available on the capture of =” at 
rest. The number of & interaction events will increase with the exploration 
of K~ capture events, because, as it appears from the results of the last 

A, sections, such stars are a sufficiently rich source of &’s. 
; The fast processes which may take place in the interaction of a X with 


a nucleon are listed below ; 
2 
| Z*+pæ2t-bp | 
(1-20°7) + Dhan i 
Ù Sa a) | di e 
212-207) > | b) | x +p>A°+n ce pr 
| | 7 ~ a ppt a 
33 3 f: x i phe processes Mie ae Tria in the case of e iaia ce, à 


are (2b) and (26); ve shall now, sa pr: there is some evidence 


race 
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In the following Fig. 2 we give the visible energies of the stars from the 
x absorption events at rest which have been reported up to now; the 12 cases 
reported in [20] and the 8 cases reported by FOURNET and WipGorr [3] have 
not yet been described by the Authors and are therefore not included in the 
figure. 

A feature shared by all these = absorption events is that they give rise 
to very small energy releases. This is in fact expected if the absorption pro- 
cess takes place according to (2). Two cases may happen [30] [22]; 


1) The A° and the n both come out from the absorbing nucleus; then 
the energy of the star cannot be larger than — 70 MeV, and the visible energy 
is probably much less; to this class belong also the events in which the A° 
which comes out from the absorbing nucleus is surrounded by some nucleons, 
forming a hypertragment. 


2) The A° remains in the nucleus and disintegrates: in this case there 
‘ are still — 177 MeV available from the A° disintegration; if the disintegration 
is non-mesonie this may often result in the ejection of an energetic (— 90 MeV) 
proton; if mesonic, a pion with 30 MeV or less may come out. Apparently 
among the events described so far no case with the emission of a charged 
pion is present; this is consistent with the pre&ominance of the non-mesonie 
decay mode of the A° in the heavy nuclei do 
of the emulsion. Also if the process (2c) ZA event 
takes place most of the events which are 
produced through it may be expected to 7 7, 
belong to this class. ERE ni 
The few events reported in Fig. 1 Fig. 1-20°7. — Energies of stars from 


probably represent events from the two absorption of = at rest. The events 
classes. are those of [29-37]. Of the original 


i j ni; ilati , and Bo, have 
teractions of Z= in H have also -  ©ompilation by [30] Br, and Bo, hay 
e / not been included here because they 


been recently observed by the Berkeley RR RA 
group in the H bubble chamber. They three cases in [38] have not been inclu- 
are easily identified on the basis of the ded because the mass of the ZX is 


A 4A 
120 140 


mA game 


rain 


_ kinematics and have been already repor- too uncertain. 
È ted in Table 1-20'6. It is particularly se i 
È interesting to have in two cases a direct confirmation of the process (2 di «cs 
| these events allow to determine the 27, 2° mass difference LT. Mee 


— M;.< 22.7 MeV with a most probable value for Me; somewhere in nei “4 ae 
ween M. and M,+ (See Ch. 6). - el 

Before closing this section we may ask what could be said concerning the | 
absorption of E° hyperons. The only strong reaction which may take place È 
according to the theoretical scheme is then: 3 


(3-20°7) B+ p> A+ Ae, 
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or possibly: 
(4-20°7) Snc. 


The two extreme cases which (3) implies are either very small and probably 
invisible stars (if the two As come out) or stars with an energy release up 
to — 340 MeV, if the two A° are captured and decay in the same nucleus. 
Such a situation seems however improbable so that most of the 5” 
stars would probably look exactly as =~ absorption stars and a discrimi- 
nation between the two should be made either by a very careful determination 
of the mass of the primary or by using experimental conditions in which one 
may be sure that only either X or & are present (using possibly their difference 
in lifetime). 
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CHAPTER 21. 


Binding of the new particles to nucleons - Hyperfragments. 


Introduction. 


In this chapter the basic facts and theories concerning the binding of 
new particles to old ones are discussed. An example of aggregates in- 
volving both types is presented by the « A°-excited fragments » often called 
simply «excited fragments » or « hyperfragments » (*). They are in fact nu- 
clear splinters, emitted in disintegrations not infrequently of moderate energy 
(2-3 GeV), in which a neutron is replaced by a A°-hyperon. Such a system 
will eventually disintegrate—as a consequence of the decay of the A° which 
it contains—giving rise to a star. 


Nuclear systems involving unstable particles other than A®s, have not as | 
i yet been proved to exist. Three « anomalous » cases have been reported which 
may be interpreted as spontaneous disintegrations of fragments releasing more | 


energy than expected from a bound A°. 


= 


=? 


oom 21 Gi - - Experimental evidence for the existence of AVIR Bary 
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not terminate in the emulsion. The identification of the four tracks is doubt- 
ful:(1, 2, may be p, d, tor x; 3 may be a proton, a deuteron, a triton or a x: 
4 is probably a heavy splinter. Excluding the hypothesis that the whole event 
is a casual coincidence between the 

end of the fragment ~ emitted from 

A and the centre of the star B (the yr 

probability for such a coincidence ~! 

is of the order 10-4 and the obser- 
vation of several other events of the 
same kind excludes this possibility) 
one has to explain the remarkable 
fact, noted by DANyYsz and PNIEWw- 
SKY, that the nuclear fragment ex- 
plodes at the end of its range after 
such a long time as that which is 
necessary to cover 90 um in emulsion 
(10-12 s). The fact that the fragment 
was at rest, or practically at rest, at 
the moment of its disintegration rules 
out the possibility that B was due 
to a collision between f and a nu- 
cleus of the emulsion; and the long 
time spent between the creation and 
the disintegration also excludes the 
possibility that the fragment f be 
simply an ordinary nucleus in à 
highly excited state (apart from 
energy considerations); if such were the case its life could not be much longer aa 
than 107208. 

The following possibilities remained: a) that the disintegration was due to _ È 
the absorption by the nuclear fragment of a 77 meson produced in A and bound LA 
in a Coulomb orbit; b) that it was due to the absorption of some other heavy SA 
meson bound in a Coulomb orbit; €) that it was due to the disintegration of Se. 
some kind of new particle contained inside the nucleus. If a) were the case, de 
the energy of the star B should be equal to the rest energy of the meson _ ci 
(neglecting its small binding energy). But a similar event found some months eg 

| later by CRUSSARD and MORELLET [3], proved that at least in the Crussard 4 
| and Morellet event this was not the case: in fact one of the secondary particles 
was a x having a kinetic energy of 257 MeV so that the energy liberated in | a. 
it was certainly higher than that which could be liberated in the absorption . 
| of a x bound in a Coulomb orbit. Possibilities b) and c) remained to be examined. 
An event observed by BONETTI et al. [4, 5] was particularly useful in this con- 


Fig. 1-21°1 — (From [1]). 
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nection. In such an event the mass of the fragment, as well as its charge 
could be directly determined, and turned out to be: M, = (5159 + 1000)m, 
“ag and Z,=1; the secondary star S, (see Fig. 2-21°1) consisted of two prongs, 
nta: having opposite directions, of which 
"» one was certainly due to a meson 
. ‘* because it gave rise to a o star at 
? os the end of its range and the other 
SaR, a appeared as a short heavy track. 

‘ From the above data one was en- 
“ay Der ca è, do Sn titled to assume the fragment to be 
ta an excited triton 2H (*), and every- 
thing was found to be consistent with 
a two body decay of the form: 


3H > *He +7 +Q. 


From the energy and momentum ba- 
lance the values of Q and of the 
mass of the fragment could be calcu- 
lated; the latter turned out to be 
M;= 5860 m,, in agreement with the 
directly measured value; the @ resul- 
ted (41.7 + 1) MeV. 

First, we observe that this value is 
much too small to be compatible with _ 
i the absorption of a K7 meson—thus 
a excluding the possibility 6). Examining 
ROW: the possibly: c) we see that the E ges a Lors A° is per 


Fig. 2-21°1. — (From [4]) 


in the 4H RAE of the order of 1 MeV. 
We may conclude that the interpretation of the event as a nuclear fragment | 
ee having a neutron replaced by a A° is the correct one, at least if we assume — 
fue. events to be of the same nature in the three cases considered above. | 
. Both in the CrpasartaMorellef and Bonetti et al. events one of je prongs: | 


nts are assumed cai È RAR ns n. Si i 
176 MeV, and it a n is M the sun | of t 


$ 
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the disintegration products cannot exceed = 37 MeV. Experiments show 
that in many cases it does: we are then forced to assume that hyperfragments 
may disintegrate in a non mesic way. 
As an example of the latter type, let us discuss the event observed by 
Fry and WHITE [6]. Two charged secondaries (1 and 2 in Fig. 3-21°1) are 
emitted as a result of the decay of a hyperfragment f created in a 17-5? star; 
they are both heavier than protons, 
most probably due to doubly charged 
particles (?He or ‘He), their kinetic de 
energies totalling — 100 MeV (if they 
are both *He) and having a resulting 
momentum of — 370 MeV/c. Since the 
disintegration took place at rest, this 
momentum has to be balanced by some 
particles which escape detection—either 
neutral or so massive that they are $i 
stopped before they cover any appre- si 
ciable pathinemulsion. Thelatter hypo- x 
thesis can be discarded immediately : wg 
since the total charge and mass of the : kere 
unstable fragment could be estimated Fig. 3-21°1. — (From [6]). 5 
and were found to be Z < 4 and À — 
respectively: even taking the most NES view, i.e. assuming that both fa 
visible products are less massive than « particles, what remains would still sla 
be light enough to produce a visible track if it had a momentum of 370 MeV/c. | 54 
On the other hand if a neutron is assumed to be responsible for the balance, : 
its energy would be about 74 MeV—this, added to the energy of the «’s gives a 
total of ~174 MeV, remarkably close to that expected from the non mesic decay 
of a A° hyperfragment. The most probable disintegration scheme would be 
‘ ABe > *He + ‘He +n+Q; > 
. The other scheme: ex 
} ABe Hes Hea eg a 
} I 


could not be discarded, though it appears less probable as it would imply à 
18 very low binding energy for the A° in the Be nucleus (*). Consequently, to classify 
an event as a hyperfragment we shall require that adding together the kinetic 

energies of the visible decay products and of the neutral ones which, are as- 
sumed to balance the total momentum, one should get ~ 37 MeV for mesic — 
and ~ 176 MeV for non mesic decays. 5 


be Ba (Beh (—0.7 + 3) MeV. Compare with Fig. 1-217 or Table I- 21° To n po 
owever, the errors are too large to allow a definite conclusion. { 
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These values refer to disintegrations at rest. For disintegrations in flight 
the interpretation is somewhat more difficult and some expedients must be 
used to determine the velocity of the hyperfragment: the reader will find an 
ample discussion of the experimental methods to be used to this purpose in 
SORENSEN’s paper quoted in the reference list [7]. Comparatively few cases 
of decays in flight have been reported so far (compare Sect. 21°5). 


212. — Identified hyperfragment disintegrations. 


To the present date about 300 cases of probable hyperfragments have 
been observed, almost all in nuclear emulsion. Only for 53 of them the identity 
of the interconnecting track (i.e. the charge and mass of the hyperfragment) 
and the characteristics of the terminal disintegration have been established. 
Their most relevant data are given in Tables I, II, III (*): in column 2 the 
classification of the parent star, using the universally accepted code originally 
proposed by the Bristol group [8]; in column 3 the range A, of the track 
interpreted as a hyperfragment; in column 4 its time of flight; in column 5 
the identity (and the kinetic energy in brackets) of the charged disintegration 
products; in column 6 the total kinetic energy associated with both charged 
and uncharged products (the latter determined from the momentum con- 
servation law); in column 7 the decay scheme; in column 8 the binding 

_ energy B, of the A to the residual fragment defined in Sect. 21°7 and, for 
«comparison, the binding energy B, which a neutron would have, taking the 
place of the A in the same fragment. 
: It must be added that the data of these tables cannot be used to dons 
| either the relative abundances of hyperfragments of different charge or mass, 
| or of their modes of decay. The events listed in Tables I and II are those 
| which were consistent with only one decay scheme—or at least one existed À 
which was highy favoured with respect to other possible ones (*). In doing so, — 
| strong discriminations have been introduced. Mesie decays have been favoured 
Sasa with. respect to non-mesic ones. For example, when the interconnecting track 
sf is too short to allow a direct determination of Z, the presence of a meson | 
i among the decay products immediately rules out the alternative explanation | | 
- —true in many cases—that the event is due to a To capture star. _Moreover 7 
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integration easier to establish. It follows that light hyperfragments have been 
favoured by the selecting criterion with respect to heavier ones, since the 
latter rarely decay mesically, while the former do. On the other hand, re- 
gardless of whether a meson is emitted or not, the difficulty in interpreting 
the observations increases as the size of the fragment increases owing to the 
larger variety of schemes which become acceptable within the limits of ex- 
perimental uncertainty. 


21:3. — Relative frequency of hyperfragments as a function of Z. 


The data presented in this section have been based on all the events re- | 


ported as hyperfragments, regardless of whether the decay scheme was estab- 
lished or not. It was only required that Z be known with a precision of at least 
+1 unit. The experimental distributions 


+ 
(>) 
N20f events 


require some comment. 


; 2 We have found it impossible to apply | 

1,2 3 4 5 6 7 8 9 10 any correction since different experiments. | 
are affected by different biasses: this. 
appears clearly from Fig. 1-21°3 where … 
a) shows the distribution obtained as-— 
sembling together individual events dis- — 
persed in the literature of the last few 


b) 


Ne of events 


years, b) the results obtained by the Wis- 
consin group, €) is the sum of a) and d); 
n — Berti: and from Fig. 2-21° 3, which refers only 

Tile ag oe Ce tt era hyperfragments ejected from K7 

mee "one ture stars. du Lee among 


which have been obtained (see Fig. 1-21°3 
and 2-21°3) gathering together all avail- — 
able information give probably a grossly — 
+ distorted picture of the true facts and 


Mai 


: sically producing little stars often con- 10 
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have been replotted in two separate graphs (Fig. 3-21°3 a,b) regarding respec- 
tively x” mesic and non-mesic 7° decays. The first one (3-21°3a) is probably 
the least distorted, for the reasons mentioned in the previous section. Greater 
care should be taken in interpreting the second graph 3b: it may well be 
possible that its shape is entirely de- 
termined by experimental biasses. This 40 
can be seen on the basis of the follo- 
wing considerations: 


a) Mesic decays- 
(78 events) 


1) very massive and highly char- 


ged hyperfragments (Z > 5) are usually 20 
. . > 
emitted at low velocity and have such © 
A Le] 

a short residual range not to allow ="; 


direct charge estimates. 

Unless their mode of. decay is 
known—and we have seen how rarely 12 NS eS a ee O Ps 
that happens—their charge and their 


identity cannot be established (*). sa 


b) Non-mesic decays 
(124 events) 


2) The efficiency in detecting non- 
mesic and r°-mesic light hyperfragment 
decays is extremely low. For instance, 
we have seen in Sect. 21°2 that singly 
charged hyperfragments decay 77 me- 


30 


N2 of events 


20 


sisting only of a light meson track 
and a short recoil a few micron long. 0 
One would expect a comparable number 
of cases in which a 7° instead of its 
charged counterpart is emitted, but not 
one has been individuated with certainty (+). Most probably this type of 
events is confused by the observers with others of different nature such as 


‘Fig. 3-213. 


(*) Double stars connected by a short (< 15 um) black track may be due to slow 


«n, K, or X interactions apart from slow hyperfragments. The « visible » energy 


| associated with the terminal disintegrations produced by such particles does not in 


| 
| 


È 


general differ greatly from that expected for a A°hyperfragment. An attempt to 
separate the different species was made by ALviat et al. [33] who did so by measuring 
very precisely the « thickness » of the interconnecting track even when only a few 
microns long. Their method requires careful calibration and depends critically on 
the intensity of the development. According to SILVERSTEIN et al. [25] K° and X° 
contribute in negligible number to the production of these short « pseudo-hyperfrag- 
ments » but the ~ may be responsible for as much as 70%. | 


ut it was not a clear cut case. 


51 — Supplemento al Nuovo Cimento. 


(+) A possible case of non-mesic triton hfg-decay has been reported by BLAU 341, er, 
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single Coulomb or nuclear scatterings of slow particles. Genuine interactions: 
of this type are far most frequent in emulsion and the discrimination between. 
these and hyperfragments would require an enormous amount of work. As 
an example let us consider the following decay mode 


3H +'H, 


which is analogous to the other {He >x-+*H observed in a number of 
cases. The residual range (see Table I-21°3) of the recoiling *H is expected 
to be — 25 um and it would appear as black as the terminal part of the parent 
AH, just as a particle suffering a single scattering at 25 um from the end of 
its range. 


Tage I-21°3. — Details on hyperfragment decays which may simulate scattered tracks | 


in Ilford-G5 emulsions. (Calculated by M. FERRO-Luzzi and M. Mucunik). 


—— 


Residual Grain Residual Grain 
range density range density 
| of the of the of the of the 
Rte | charged | charged | pars charged | charged 
secondary| secondary secondary secondary |. 
particle | particle in || particle | particle in | 
(um) G5-Ilford (um) | G5-Iford | 


[ARE | black || AH >?H+2n <13330| 5xmin | 
> r0+2H+n i ne >1H+3n ‘ << 45000 2x min ; 
| n04'H+2n|< | AHe >n°4*He 6} black | 
“Hin. | . | | {He > r°+4He | Pe 
"H+ 2n | >r°+*He+n < 
iaia Di Het: sigle i 769 | 
bi | DEI "4 
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Since the secondary is emitted isotropically and scatterings due to Coulomb 
or nuclear interactions are strongly peaked forward, by selecting large angle 
deflections one would easily separate the two types of events. In ordinary 
energetic disintegrations however the relative frequency of emission of hyper- 
fragments in comparison to other particles is so low that little advantage is 
got from it. A search on this line has been attempted at the Rome Laboratory, 
but out of 82 « possible » hyperfragments of charge 1 and 2e, not one could 
be proved inconsistent with other explanations. Similar attempts might be 
successful if one dispose of a large number of K~ stars, since about 2 to 5 over 
100 of them are associated with hyperfragments (see Sect. 21°6). 


In conclusion, hyperfragments of intermediate size (2 < Z < 5) are strongly 
favoured by the selection imposed by our means of detection and that is why 
we believe that the existence of a peak in the curves shown in Fig. 1-21°3, 
2-21°3 just around the value Z — 2 to 4 is not very significant. 

The distribution based on hyperfragments produced in K~ capture stars 
deserves special attention. One would expect these to be the least biassed 
since K stars have a high probability of being associated with new part- 
icles and consequently are very closely examined. At present, however, sta- 
tistics are too poor to serve any purpose. * 


21-4. — Mesic versus non-mesie decays. 


Despite the large biasses, discussed in the previous section, the experimental 
results indicate clearly that the ratio 


mesic decays 
non-mesic decays’ 


R= 


is a rapidly decreasing function of Z. This is in agreement with theory [34]. 
RUDERMAN and KARPLUS [36] have also shown how a knowledge of the ratio 


| mesic/non-mesic is important in order to determine the spin of the A° (this 


| was discussed in detail in Sect. 15°7, 8). 


The exact dependence of R on Z is at the moment difficult to establish. 


. Out of 156 tracks of any range—interpreted as hyperfragments—the Wisconsin 


group [37] finds 
Ne DE NE 2 3 > 3 


R=6/0 6/10 6/21 2/109. 


792 C. FRANZINETTI and G. MORPURGO 


21:5. — Mean life of hyperfragments, 


Since the great majority of the hyperfragments decay at rest (*) it is not 
possible to estimate their lifetimes. It can be seen however that a considerable 
number of them are brought to rest in the emulsion in a time (moderation 
time) (+) which exceeds 10-118 and a few in at least 10-!° s. This shows that 
the lifetime of A° in a nucleus is not appreciably different from its value when 
free (¢ = 32107198). 

If one takes into account the fact that a bound A° may decay also non 
mesonically, this provides (GATTO - ref. [10] Ch. 10) an argument against the 
explanation of the stability of the A° as due to a very high spin value. 


21:6. — Production of hyperfragments in nuclear disintegrations. 


Hyperfragments are a comparatively rare phenomenon in nuclear disintegra- 
tions. In the range of energy explored (3 GeV ~~; 3--6 GeV protons) they occur 
with a frequency of about one every thousand stars (see Table I-21°6): at 
cosmic ray energies—which are distributed on a continuous spectrum rapidly 


(*) The following hyperfragments have been observed to decay in flight 


TABLE I-21°5. — Observed lifetimes of hyperfragments decaying in flight. 


; 
Lifetime 
Event (10-10 s) Reference 
SH (2) 3.3 [38] 
BEL 1.3 [39] 
3H 0.01 [15] 
‘He 0.8 [30] 
«He 0.1 [40] 
‘He 5.4 [7] 
Li 0.1 [40] 
B (?) 0.2 [41] 3 


The query indicates uncertainty with regard to the disintegration scheme. 

(+) What is intended for moderation time or time of flight must be specified. As 
in the last part of their range heavy fragments begin to pick up electrons (and loose 
them) their effective charge varies and the velocity is no longer a well defined function | 
of the residual range. In most of the work published it was not stated how the time 
of flight was calculated: CASTAGNOLI et al. [12] bracketed the true time of flight of 
a fragment of initial charge Z between the extreme values calculated respectively — 
assuming that the fragment conserved its effective charge Z throughout its motion | 


until it stopped and assuming that its effective charge was le all the time. 


LS 
‘ 
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mn ‘2 1 + 
TABLE I-21°6. — Frequency of production of hyperfragments. 


Referente Primary No. of hyper- No. of stars Frequeney 
radiation | fragments observed | examined per star 
[34] 3 GeV 14 | 14480 1 -10°3 
[12] Cosmic rays 6 24 000 0252105 
[41] » 5 25 000 Doe oko 
| | 3 GeV 72 80 000 0910 
À 3 GeV 21 20 000 hy 10+ 
pee ie | 6 GeV 7 10000 | 0.7 -10-3 
| | Cosmic rays 53 110 000 0.5 -10-3 
[43] K--capture 28 1152 |24 -10-] 
[14] » 11 206: | 656-105 | FESSES 
[44] ) 2 820026 E10#/ Less 
[45] » 4 700 | 57 108] SO, 


falling as the energy increases—the frequency per star is reduced owing to 
the large number of disintegrations below the threshold for production of new 
particles. At least in cosmic ray events stable fragments are 200 to 400 times 
more frequent. Considering the losses discussed in the previous sections, these 
values are not inconsistent with those predicted by JASTROW [46] (— 2-107%). 

The last four lines of Table I, referring to K7 capture stars, indicate that 
hyperfragments emerge from K7 stars far more frequently than from disintegra- 
tions due to collisions, a fact which is in agreement with theoretical predictions. 

Data ‘on the characteristics of the parent stars are scarce and not very 
informative. CASTAGNOLI et al. [12] showed that the mean energy of the cosmic 
ray stars associated with the emission of hyperfragments (or other types of 
new particles) is higher than ordinary cosmic ray stars. In Fig. 1 we have 
reproduced the energy distribution of hyperfragments, observed by FRY et 
al. [32], and in Fig. 2 their angular distribution with respect to the primary 


10 


8 


n 


N2 of events 


N2 of events 
+ 


4 
pelli Sa 
0 20 40 60 80 100 120 140 160 180 0 10 20 30 40 50 over 50 (MeV) 
Angle with respect to the primary Energy of hyperfragment 
Fig. 1-21.6. Fig. 2-21.6. 


particle. Worth noting in the latter is the definite tendency of hyperfrag- — 
ments to be projected in the forward direction. : 
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21:7. — Binding energies of the hyperfragments. 
The quantity B,, defined by the equation 


BA "+ 1) — Ma a, >m—Q;, 

{ 

represents the binding energy of a A° particle to a nucleus containing À nucleons 
and having a mass M,. In the above equation M, is the mass of the A°, 
m, the masses of the products of the disintegration and Q the sum of their 


kinetic energies. 


TABLE I-21°7. — Binding energies of A° to nuclei 
(weightéd averages on the data of Tables I, II and III-21.2). 


| 4 

Hyperfragment | B, (MeV) | B, (MeV) | Hyperfragment | By (MeV) | B, (MeV) À 

AH 0.62 0.27 6.2 (B) per | 4.447 TAF | 

KEL 1.32 +-0.25 = NEA 4.5+1 1.99 (8) | = 

$ AHe 1.68+0.24 | 20.55 ÈBe 5.840.5 | 18.8. (@) 1 
ia He 2.58+0.21 | — 0.8 (a) Be 6.3+0.3 1.67 % 
> He, 14.6 +6 13.77 (B). 10 


| Code: Ba = binding energy of A° to nuclei; 
_ B, = binding energy of the last neutron to the corresponding nucleus (in brackets the 
type of radioactivity for those nuclei which are instable). 


Average values, calculated for several masses and charges are given in 
_ Table I and Fig. 1. 


In light hyperfragments such as XH and (He the 
binding of the ro is much smaller 
than that of the corresponding last 
neutron in a stable *H or He nucleus 
The failure to observe hyperdeute- 
rons [47] and rans can be explaine 1 


5 20} Mev 
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ciple. For instance, the “He is not stable because the last neutron is forbidden by 
Pauli’s principle to go in an s state and has to go into a p state. This implies 
an increase of kinetic energy larger than the (negative) potential energy, i.e. no 
bound p state exists for the last neutron in this system. On the other hand 
the A° can move into an s state which is stable. For the same reasons one may 
expect to find aggregates such as {He or {Be though no stable “He nor “Be exists. 

Coming back to the lighter hyperfragments (Z < 2), a few other remarks 
may be appropriate [48]. 


a) If charge independence holds good, the (p-A°) and (n-A°) interactions 
in the same spatial and spin state must be the same. The closeness of the 
experimental values of B, in {He and xH, which differ from one another 
only for the replacement of one proton with one neutron, proves that this is so. 


b) The esistence of an {H and the failure to observe He are not in 
disagreement with charge independence. Assuming charge independence, a 
system of two nucleons and a A° may have either T— 0 or T= 1. The non 
existence of {He indicates that for {H the first choice is the correct one, which 
is very reasonable since the two nucleons are then in a ?$ state of relative 
motion. 


c) The equivalence between A°p and A°-f forces would not correspond ta] 
to the truth if the interaction between the A° and the nueleons could take 
place through a virtual step such as i 


(i) Ao A+, 


because the interaction of a 7° with a neutron has equal magnitude and op- 
posite sign to that with a proton. The experimental fact that the binding 
energies of {He and XH are almost equal indicates that process (i) does not 
intervene appreciably. This again is in agreement with the assignment T—0 
to the A and with the conservation of 7 (+). Of course process (i) would not 
violate the charge independence if a neutral 7° with T—0 existed. 


‘21:8. — The A° nucleon interaction. di 


| Several attempts have been made (*) to calculate the binding energies of ù 
| the hyperfragments on the basis of some potential between A° and nucleon. | ~ 
The range of this potential is generally assumed to be short with respect to 3 
fi]m_c because the A° cannot interact with a nucleon through the exchange aS 


(*) Notice that the process (i) does not violate the conservation of n Efe: 
Ta of T,) but only that of 7. D: 
(*) Only a few papers written on the subject will be ioni in the To II Ms 


i 
{ a more complete bibliography may be found in [52]. 
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of a single pion as we have seen in the past section; so the exchange of 
either two pions or of a K is needed which produces a range of h/2m,c or 
respectively h/m,c. 

Field theory calculations to determine the potential A°-N in the 27 
exchange case have been made by DALLAPORTA and FERRARI [49] and by 
LICHTENBERG and Ross [50]; in the K exchange case by WENTZEL [51] and. 
by [49]. Field theoretical potentials have, over those phenomenologically as- 
sumed, the advantage of containing only one parameter, the coupling constant 
of the interaction chosen, since the range and the parameters which characterize 
the spin dependence and the tensor/central force ratio are predicted by the 
theory. However the theory, in its present state, is not capable of predicting: 

5 a really reliable potential; it is already so for the nucleon-nucleon force and 

RE it is so also in this case; in addition to the uncertainties of the weak coupling 

treatment, here the choice of the interaction to be taken is still even more 

Si doubtful than in the nucleon-nucleon case. 

d Therefore, in our opinion, the most reasonable thing to do for getting an 

di idea of the A°-nucleon force is to proceed as in the nucleon-nucleon case: 
to assume a phenomenological potential (the same for A°n and A°p - com- 
pare last section) and try to determine the parameters appearing in such po- 
tential so as to Rino nes the observed binding energies. 

Assuming spin + for the A° (there is presently nothing against this) the 
number of parameters, which one has to introduce in this potential, is at least. 
three: the range and two depths, one for the singlet A° nucleon state, the 
other for the triplet state. It is clear that this does not exhaust the possible: 
characteristics of such a potential (compare the number of parameters which 
are necessary in the nucleon-nucleon case to fit the data); but at least the 
above three parameters are necessary for a simplified treatment. 

The determination of the above three parameters may be done in principle. 
using the binding energies of XHe, {He and ŸH. This has been attempted 
by DALITZ and we shall from now on report his arguments. 

The idea is to determine from the xHe and {He binding energies the volume 
integrals of the potential in the singlet and triplet state and to determine next 

_ the range, for any assumed shape, using {He. We shall see to what extent: 
. this program may be carried on. i 

DALITZ'$ [53] starting point is that, assuming the range of the A°-nucleon ì 
potential to be much smaller than the radii of the nuclei with which we are 
dealing, it may be permissible in treating ~He and AHe to approximate such 
potential by a point interaction. So: — : 


3 va pu (1-21°8) Vasi. «th Nucleon TT U ò(r cà. ri) ’ 


7 where r is the position of the A° and r; the position of the i-th nucleon i 
x the nucleus with which one is dealing. 
a \ 
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If one takes into account the spin dependence of the potential one will 
have to write, instead of (1-21'8), 


3 0° O; — °° GO: 
(1’-21°8) V acitn Nucleon — — U, iS Sc = ci) ae ap de Lie Ci) (6 


where o,. is the spin Pauli matrix for the A°, and o, the spin Pauli matrix 
for the i-th nucleon, U, is the depth of the triplet potential and U, the depth 
of the singlet one. 

Consider now first the {He; since the A°-nucleon force is certainly much 
smaller than the nucleon-nucleon one, the {He may be considered as a structure 
consisting of an essentially undeformed « particle plus a A°; the A° moving 
in the effective potential (to be called V,(r)) produced by the « particle. 
This potential is simply the expectation value of the sum of the potentials 
between the A° and the four nucleons of the x particle, calculated in the 
ground state |x) of the same. One has 


(2-21°8) Faire Di <a| V A%-i4h Nucieon | “> = 


3 af 3 1 
= =f (7 U, + È U.) fer) Ô(r — r;)yd?r, =— 4 (È U, +0.) OAT)» 


where o,(r) is the charge density of the « particle normalized to one. The 
combination ({U;+4U,) appears from averaging over the spins. 

We may now write a Schrédinger equation for the A° in the above po- 
tential: 


2 
(3-21°8) = sarc’ + (H+V,(r))u =90, 
(where of course it has been assumed that the A° moves in an S state) and 
where M. is the reduced mass of the A°; My. = (4M,.M)/(My.+4M) = 0.9M, 
M being the nucleon mass. 

Choosing for o,(r) in (2) a gaussian giving a root mean square radius. 
1.61-10-1° em, in agreement with the experiments of HOFSTADTER et al.: 


i 1 (a 
(4-21'8) DA ar DIL En Pr 


and inserting (2) in (3) one obtains the correct value (*) for the binding energy 


(*) The values of the binding energies of “He, He, XH, assumed for the following 


discussion are the same as the ones taken by Dalitz respectively, 2.2-+0.4, 1.6.0.3, Pero 
0.4+0.3 MeV; they do not differ essentially from the ones of the Table I-21°7. a 


=f ÈS 
"à 


5 di—=1.53-107% ems 
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Diethe A% it: 
(5-21'8) U=83U,+4U,= 165 MeV-10-** cm. 


Thus the volume integral of the potential between A° and average nucleon 
in the ‘He is 165 MeV-10-* cm’. 

A similar calculation may be made for {He assuming again for the *He 
a gaussian charge density with a radius determined from the Coulomb energy 
difference *He —*H. The potential which one obtains in this case, replacing 
(2-21°8), is: 


Tu A ae 
(6-21°8) Vane(T) — | 3 | 4 | | 4 (U; v4) Osne(T) , 


if the A° combines its spin with the one of *He to give total spin one, and 


| 


PI 


(7-21'8) Poult) = | 3 (2 1) ee 


if the A° combines its spin with the one of *He to give total spin zero. In any 
case writing the potential V,..(r) as: 


(8-21°8) Vag?) = Count); 


where C is a constant, it results from the observed binding energy of “He 
and solving an equation similar to (3) that 0 has the value C2720 MeV -10-** cms. 
Now, if U; is equal to U,, that is if the A°-nucleon force is spin independent, 
one should have from (6) or (7) and (5) C = 510; the difference from 510 
to 720 is attributed by DALITZ to the effect of a strong spin dependence of the 
force (1’) that is to: U,#0,. 

According to DALITZ a further confirmation of this strong spin dependence 
may be found in the high binding energy of (Li; this needs in fact a value 
of the potential much larger than, almost the double, 6(¢U,+4U,)o«,,(7) which 
is the value one would expect in the absence of spin dependence of the forces. 


Considering finally the case of the SH, strong distortion effects are be to ex- | 


pected. Assuming now a potential with a finite range, the previous evaluations | 


determine the volume integrals of this potential in the singlet or triplet case; | 


so one may use ,H to determine the range of the potential. DALITZ discusses 


the situation in the two cases in which the spin of the {He is one (form. (6)) | 
and zero (5). In the first case one has U, > U,, precisely U, = 380, U, = — 480; — 
then the XH has spin 3, only U, contributes and with the value U,= 380 _ 
one may predict, according to DALITZ, a range of the order h/2m_e, having 


4 
“ 


è 


AN INTRODUCTION TO THE PHYSICS OF THE NEW PARTICLES 799 


assumed a Yukawa shape; one may then show also that no hyperdeuteron 
may be expected to be bound. 

In the second case one has U,<U,, precisely U, = 380, U, = 100; in 
this case the predictions are less definite; all one can say is that if the 
range is larger than 0.4-10-1* em the absence of the hyperdeuteron may be 
explained. Since no hyperdeuteron nas been seen the above condition on 
the range must be satisfied in any case. 

We shall close at this point the discussion, simply remarking that the above 
estimates depend, though not critically, rather strongly on the values of the 
binding energies; the errors which affect the values of the binding energies 
given in the Table I-21°7 are small only because obtained compounding many 
measurements each affected by a very large error; in this situation a single 
measurement with a small error may be of more value than many measu- 
rement as the ones in question; it is obvious that if in the future the binding 
energy of xHe will raise and that of {H remain stationary or decrease’ with 
respect to the values assumed here, the conclusion of a strong spin dependence 
should be reconsidered. 


219. — Anomalous hyperfragments. Li 


To our knowledge only 3 cases have been observed of spontaneous decay 
of fragments associated with a release of energy higher than that expected 
for a A°-hyperfragment, one by the Rome group [12] and the other two by 
the Wisconsin group [54]. So long as they remain unconfirmed by the obser- 
vation of other similar cases, it is unwise to attribute too much significance 
to them. We have reported here below their main characters for conve- 
nience of other workers. 


The Rome event [12]. — A track, emerged from a 26+9n star produced by 
cosmic rays, stops in the emulsion after a range 1240 um long. From -ray 
‘counting and thin down length the charge has been estimated to be 4+1 units. 
The secondary star, consisting of three branches one of which heavily ionizing, 
makes it difficult to accept the value Z=3. The mass was found to be 9 + 1 
proton masses. 

The terminal disintegration produced three ionizing particles two of which 
are too short to be identified and the third (5120 um long) appears to have 
. a charge 2e. According to the Authors, if the missing momentum is balanced 


|. by the emission of at least two neutral particles, the total energy release is at 


least 340 MeV. 
The following was suggested as the most probable decay scheme 


10B* > 4He + *He + 1H + 2n +Q Q= 500 MeV. … bo 2 
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The first Wisconsin event [55] - The primary star is of type 22+9p. 
The track of the hyperfragment is 192 um long and its shape indicates that 
it stops before disintegrating; its charge being certainly smaller than 5e 
and most probably greater than 2e. The terminal disintegration produces: 
four tracks: one was identified as an « particle of 14 MeV; two, of charge le 
could be protons or deuterons or tritons; if protons they had an energy of 2.7 
and (22 + 2) MeV respectively; the fourth could be either a x meson (of 45 + 
+18 MeV) or a proton (of 300 + 125 MeV). If the last particle is taken 
to be a proton the charge of the fragment must be 5e, which is inconsistent 
with direct charge measurements. If it is a x, the energy release from the 
secondary star is 110 MeV, to be compared with 37 MeV expected for mesic 
A° hyperfragments. 


The second Wisconsin event [56]. — A thick track, only 9 um long, connects 
a 21+9n disintegration with a small secondary star having 3 branches: (1) due 
to an unidentified recoil, (2) due to an isotope of hydrogen and (3) to a particle 
of charge le whose mass—as deduced from scattering, grain density and re- 
sidual range in three different ways—appears to be very close to that of a 
K meson. Since its end in emulsion is not associated with any visible decay 
or interaction product, it was interpreted as a Ko event. The total energy 
| release was > 550 MeV including the rest mass of the supported K meson. 
| Since the nature of the interconnecting track is not established, the event 
could be due to either a hyperfragment or to the capture of a negative particle. 
EGG In either cases a hyperon heavier than — 2910 m, or a K heavier than 
7 1075 m, must be postulated. 
+ We notice here that the only new particle which, besides the A° may 
generally form semistable aggregates with nucleons is the K°*, at least if there 
is an attractive potential between K° and nuclei. Perhaps events [12] and [55] 
may be of this kind. PAIS and SERBER [57] have discussed the appearance 
of the disintegrations of these K° excited fragments and in particular the 
1 È frequencies of 2x, 7 decays and non-mesonie decays with the conclusion that, 
a the non-mesonic mode should be less probable by a factor ~ 100 than the © 
or 2x (which have comparable probability). 

Finally it may be pointed out that [58] other aggregates, which in principle, 
may be semistable ones are those of a 27 or a E~ with any number of neutrons — 
and of a X or E° with any number of protons. There is no clear proof of 
the effective existence of such aggregates; the Padua group has [37] one. 
example which may be interpreted as such. À 
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